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Notations relat ing t o  hydrocarbork \fuels 

j, 
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r e l a t ive  density, referrkd t o  w a t e r  a t  15.6OC 

enthalpy, kcal/kp , 

Watson character is t ic  factor  

molecular weight 

c r i t i c a l  pressure 

gas constant 

entropy, kcal/kp degree 

slope of the boiling curveJ 

mean slope of the boiling curve, C/yol, % 
50% boiling temperature f m  Engler analysis 

mean boiling temperature 

I\ 

0 C/VoL % 
0 

, \  

c r i t i c a l  temperature I 

mean molar; boiling point 

correction 

The index G instead of E applies for the equilibribm vaporization 

curve; likewise, other percentages can replace the 50%, 

\ 
Notations f o r  heat exchange calculation 

2 '  
black body radiation coefficient,  4*96 kcal/m hx 

=S 

C specif ic  heat a t  constant pressureJl kcal/kp degree 
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Ft surface between the fins 

Fk 

P 
outside diameter 
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g l  

surface wetted by f u e l  

average surface (logarithmic mean vahe) 
crosspiece area ' 
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configuration f ac to r  for o f f s e t  grouped tube bundles 

mass f l o w  of fue l ,  k p h r  

ha l f  crosspiece height 

hea t  t ransfer  coe f f i c i en t  referred t o  Fk o r  F22 kcal/m 

length of the exchange sTfaces i n  the  d i rec t ion  of flow 
N u s  selt number 

Prandt l  number 

Pressure (parkial pressure) of the rad ia t ing  gases 

hourly heat  t r ans fe r  to  f u e l p  

hea t  f lux  from combustion gases to fuel 
heat  f l ux  from f u e l  t o  cooling a i r  

hourly hea t  t r ans fe r  by rad ia t iono  kcal/m h r  

Reynolds number 

clear o f f s e t  distance of crosspiece; 

the rad ia t ing  body of gas 

ofequivalent radiusfs  of the  Eadiating gas body 

dis tance from the  pipe axis along t h e  gas f l a w  

distance from the pipe axis across the gas flow 

temperature i n  OK 

temperature i n  OC 

wetted circymference of the flow cross sec t ion  

water value, kcal/hr degree 

flow velociky 

hea t  t r ans fe r  coe f f i c i en t  of surface F, kcal/m hr  degree 

hea t  t r ans fe r  coe f f i c i en t  of surface FP 
mean heat t r a n s f e r  coe f f i c i en t  of surface Fk 

stapparentfl heat  t r ans fe r  coe f f i c i en t  of surface Fk 
s p e c i f i c  gravi ty ,  kpJdm3 

w a l l  thickness 

gas body emission raid? 

emission r a t i o  f o r  an k i n i t e l y  thick gas body 
' \ I  

proportion of radiativ&\ exchange between w a l l  and gas 

emission ratio of the 
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2 hr degree 

kcal/hr 

2 

l aye r  thickness of 
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heat conductivity, kcal/m h r  degree 

kinematic viscosity,  m /s 
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heat exchange i n  engine cowling 

heat exchange i n  secondary flameholder 

referred t o  fue l  duct 

heated s ide  of the duct, 

cooled s ide  of the duct, i. e&, frow the symmetry l i n e  out 

referred t o  inside of the secondary flameholder tube 

referred t o  the  surface of the secondary flameholder tube 

combustion gases' ' 
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PREVAPORIZATION OF LIQUID FUEL IN A 
SMALL W E T  ENGINE / 

F. Gehring 

ABSTRACT. The combus t i on  chambers of small sub sonic 
ramjet engines f o r  ro to r  t i p  dr ive are r e l a t ive ly  short .  
Complete combustion of t he  a i r - fue l  mixture within the  
engine cannot be achieved by the in j ec t ion  of l i qu id  fue l .  
The combus t i on  eff ic iency , however, can be improved by 
eliminating the  t i m e  i n t e r v a l  from l iqu id  f u e l  i n j ec t ion  
t o  f u e l  droplet  evaporation, which is  r e l a t ive ly  long i n  
comparison t o  the t i m e  the  f u e l  i s  present i n  the  combus- 
t ion  chamber. 
ciency the  l i qu id  f u e l  is heated up by the  diss ipated 
heat  of the ramjet engine t o  such an extent t ha t  i t  
evaporates immediately during expansion i n  the  in j ec t ion  
system. The appl icat ion and funct ional  r e l i a b i l i t y  of 
t h i s  f u e l  pre-evaporation system is s m a l l  t i p  dr ive  
ramjet engines is  demonstrated and proved by means of 
tests. The influence of the  operat ional  parameters, 
such as veloci ty  of a i r  flow, a l t i t u d e ,  a i r - fuel  r a t i o ,  
f u e l  flow rate and pressure on t h e  c a l o r i c , s t a t e  of t h e  
f u e l  before in j ec t ion  and after expansion is the subject  
of a t heo re t i ca l  invest igat ion.  N70-23774 

I n  order t o  improve the  combustion e f f i -  

1. INTRODUCTION AND STATEMENT OF THE PROBLEM 

For t he  d i s s ipa t ive  continuous process i n  t h e  subsonic region, t he  

I n  order  t ha t  

- /13* 
thermodynamic eff ic iency of ramjets is less than t en  percent. 

the  losses  remain as low as possible ,  one can among other  things attempt t o  

u t i l i z e  the  f u e l  optimally i n  the engine; t h a t  is, one tries f o r  complete 

* 
Numbers i n  t h e  margin ind ica t e  pagination in t h e  o r ig ina l  foreign text. 



combustion of the air - fuel  mixture, This requirement can no longer be m e t  

i n  conventional shor t  ramjets with d i r e c t  in jec t ion  of l i qu id  f u e l ,  because 

the preparation of the  fue l ,  up t o  t h e  point of vaporization and f i n a l  mixing 

with the combustion a i r  takes too long (required residence t i m e s  longer than 

about 2/lOO second). , 

In  the engine, t he  l i q u i d  f u e l  must go through the  following phases 

which are long i n  r e l a t ion  t o  t h e  residence tine: . 

i n  j ec t ion 

j e t  breakup 

droplet  formation 

droplet  vaporization 

These phases are 

macromixing 

micromixing 

ign i t ion  

eo@ us t ion 

then of somkhat sho r t e r  duration : 

'I\\ 
I f  acceptable operation is t o  bq'jattained f o r  ramjet engines with combustion 

chambers lengths below about 600 \h, it is necessary, among o ther  things 

t o  reduce the  pretreatment t i m e  of t h e  fuel .  

,\\, 

' ,  

\ 
A, 

This can happen i n  two ways: 

, 

Fi r s t :  Use of i n i t i a l l y  gaseous f u e l  (e. g. ,  propane). But t h i s  

solut ion i s  not very advantageods because of the  bulk o f  gaseous f u e l  under 

pressure. 

2 



"he l iquid fue l  is preheated under pressure to . the  extent that 

during the pressure release i n  and behind the injeckor nozzle, 

o r  pa r t i a l ly  vaporizes spontaneouslyo depending on the operating conditions, 

it f u l l y  - / 14 

The ramjet engine, first suggested by fiorin i n  hiqpubl icat ions during 
\ 

Because of t h a t  advantage, it is of interest 
the years 1907-1913 - /z4, 227 and thus also known a's the "Lorin engine" 

is temptingly 'shple  i n  designo 

far air travel* 

The ramjet engine reaches i ts  best efficiency i n  the supersonic region 

a t  Mach numbers of 3 to 4. 

air-breathing engines. 

drops so strongly t h a t  i n  the subsonic region it is no longer useful 
f o r  direct propulsion of aircraft, 

I n  this range it is superior t o  all other 

But w i t h  decreasing Mach number, its efficiency 
' 

* 

I n  s p i t e  of the headstrong development of air travel  in the las t  two 
decades, Lorinvk idea has u n t i l  this day been realized only in a f e w  test 
airplanes and missiles, 

way i n t o  the region of Mach numbers productive for  ramjet engines, 

because aircraft development is still groping its 

The welcome poss ib i l i ty  of circumventing the disadvantages of sha f t  

drive i n  helicopter design spurred development of the jet-driven ro tor  

a t  the beginning of the 194OPse 

plan use of ramjet engines fo r t ro to r  drive i n  t h e i r  "driving wing" 

(Triebfliigel) of Tank i n  1944, - -  /26/, 

test w a s  performed w i t h  an engine developed by EO S&ger I /??79 2 7 -  - 

The Focke-Wulf f i r m  w a s  the first to 

I .  -- 
only two years a f t e r  the first f l i g h t  

After 1945 the use of ramjet engines t o  drive helicopter rotors  was 
of i n t e r e s t  i n  the USA, 

Thus the McDonnell company, i n  coop&ation w i t h  NACA - /ll, 127 - developed 

engines of round and oval cross section, 

helicopter DtLit t le  H e n r y r D  /%0307* - 
LT19 3 g  and may have collected the greatest  experience i n  this f ie ld ,  

and the development w a s  pressed.with grea t  expenser 
/ -  

which were tested an their 

The Hi l le r  company invested more than - 
two million dol lars  in ramjet development for their helfcopter vqHornet** /15 

t 

3 



They made about 25 ramjet helicopters i n  various versions f o r  quite varied 

applications, 

b u i l t  the ramjet helicapter t9Kolibrieff9 powered by TJ-5 enginese It 

received a c iv i l  airworthiness ce r t i f i ca t e  (CAR) after two and one-half 

years of tes t ing -- /33/, 

i n  the development of small ramjet engines L344, 

I n  the Netherlands, the Nederlandse Helicopter Industrie 

-- 
I n  Germany, the f i r m  of Daimler B e n ~  was interested 

-I z 

, 

With the engine lengths i n  these developments (500 t o  700 mm) it must 
have been necessary t o  accept very considerable combustion losses, 

reasons f o r  the limits on length aret 

The 

a) R a m j e t  engines placed a t  the ends of the ro tor  blades are subjected 

t o  high centrifugal forces. 

a t  the ramjets, so t h a t  the design of longer engines is made d i f f icu l t ,  

These result i n  corresponding bending moments 

b) I n  the ideal  caset these engines would have t o  be made curved 

(radius of engine curvature = ro tor  radius),  

and exhaust planes would be perpendicular t o  the corresponding tangents 

t o  the ro tor  blade path, 

thus the s t ra ight  engine is preferred* 

the intake cross section should be as nearly perpendicular t o  the  incident 

a i r  flow as possible, 

engine becomes, the greater  is the angle between the  long axis of the engine 

and the ro tor  blade axis, 

vector and the tangent t o  the blade path increases, 

component of thrust,' 

so t h a t  the engine input 

Such curved engines are very d i f f i c u l t  t o  m a k e ;  

Because of the diffusor aerodynamics 

The effect of this is that the longer the s t r a igh t  

Simultaneously, the angle between the thrust 

and w i t h  it, the radial 

which is l o s t  t o  effective thrust, The obliqueness 

of the incidence of air flow on the enginet 

resistance;also increase t o  the same extent, 

dnd the result ing outside air 
This resistance is part icular ly  

noticeable i n  forward f l i g h t  of the helicopter,  

of the incidence of the a i r  flow changes cyclically, 

i n  which the obliquity 

c) The aerodynamic center ofi suchlcan engine body lies ahead of its 116 
center of gravity and the e l a s t i c  axis of the r a t o r  blade; 

is aerodynamically unstableo 
the ro tor  blades 

can be provided by a s t ab5 l i zhg  f i n $  

the engine 

Thus an additional torsional moment acts on 

This is greater,the longer the engine is* Some help 

but the  f in  produces additional 

4 



drag and it is  d i f f i c u l t  t o  design its attachment t o  the engine, 

d )  Moments frcun second-order centrifugal forces which a c t  on the 

engine work against ro tor  blade angular control and cause additional 

blade stress in torsione The equation f o r  the sun. of these moments is 

inwhichx dm = 

= . 
x =  

' \  
' \  mass elemept of the engine 

angle betwi4n the longitudinal axis of the engine and 

the plane o!(),,the ro to r  disk  

distance of '&e mass element from the e l a s t i c  &is of 
the ro to r  b l b e  

'% 
A s  the engine becomes longer, the:distance x increases, and thus 

moment M a l so  increases. 
\ '< 

1 '> 

Therefore, f o r  re la t ive ly  small ramjet rotors,  one is forced t o  such 

short  engines that inject ion of l iquid fue l  can hardly still be defended, 

engine length - yet _ _  known 
* (attained -- by E. Sch'bf er) boundary' range 

I 

L i m i t s  f o r  l iquid inject ion of f u e l  

i \ 

' /as - It w a s  soon w e l l  established t h a t  the ramjet ro to r  is ,not useful 4, 

f o r  commercial helicopter construction because it is unecondca l  

due t o  the poor efficiency of the  ramjet m g h e  h$he-s&sor&c region, 

primaxily 

5 



But fo r  other applications - short-range helicopters and expendable 

equipment - 
cheap manufacture of the device, due t o  the extraordinarily low 

weight per u n i t  power and the simplicity of the ramjet engine and 

the en t i r e  engine system* 

These engines are a l so  no less interest ing far drzving propellors and 

heater fans employed for special  purposesI 

the advantages of these rotors a lso appear t o  be cleart 

It could hardly be made more simplec 

E. Schzfer carried out experiments w i t h  extremely small ramjet 

engines on a miniature rotat ing a r m  a t  the Research Ins t i t u t e  f o r  

Physics of Je t  Propulsion i n  1955, 

propellors -- /34/. 
ramjets of only 30 mm diameter and 135 mm lengthr 

gas served as fuel,  

toward the real izat ion of ramjet -- 
The rotat ing arm of 500 mm diameter w a s  driven by two 

Acetylene and propane 

The bulk of the pressurized gaseous fue ls  w a s  not favorable f o r  the 

pract ical  application of t h i s  engine; 

"Itmust be the goal of future  work t o  attack the problem of mixture pre- 

paration and combustion of l iquid fue l s  i n  the small ramjet engines con- 

sidered heree 

f o r  the ramjet propelloro but also for many other problems of combustion 
techno1 ogyw' e 

and as Sch%fer wrote i n  h i s  report8 

The results of this work would be of great  i n t e re s t  not  only 

* / 

The German Helicopter Study Society i n  1959 obtained a research -- 
contract on a small helicopter w i t h  ramjet engines, -- /35/, 

w a s  still planned for operation of the small blade-tip-.famjet enginesp 

But this project gave rise t o  investigation of the idea expressed by 

=??fer i n  a talk:  

combus t ion  a i r"  

Propane gas 

? 

"To vaporize liquid f u e l  before i.1: is mixed w i t h  the _L) / l B  

The result of these investigations is reported in U s  workc Its 

goal i s 8  

i n  s m a l l  blade-tip ramjet engines; 

the working parameters, 

t o  show the potent ia l  of f u e l  prevaporization and its application 

and to investigate the  effects of 

such as incident f l o w  v e l d t y , ' f l i g h t  a l t i tude,  

6 



mixture richness, fue l  throughput and pressure, a t  different  r a t io s  of 

j e t  output cross section t o  combustion chamber cross section, 

enthalpy/entropy s t a t e  of the fuel before the injection nozzle and 

a f t e r  its discharge, And, what is especially important, it w i l l  be 

demonstrated experimentally t h a t  such fuel psevapo&zation is functionally 

on the 

sound i n  a ramjet engine* # ’  

fuel  vapor 

___c 

___c 
-. -combustion space.’ - 

___I_ 

I I 
‘heat exchanger .. iliquid fuel  - 

Schematic diagram of a ramjet engine With l iqu id  fuel grevaporization by 

u t i l i za t ion  of lost heat* 

7 
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The-liquid fu;?ls which c4 in to  consideration today f o r  operation 

of a blade-tip ramjet engine &@ primarily automobile and aviation, gasoline, 

Diesel o i l s ,  and the Diesel-typ 

JP-1, JP-4, and JP-5* 

are of l imited in t e re s t  because af their almost inv is ib le  jet of flame 

j e t  fue ls  c lass i f ied  by the designations 

For mili i+ry purposes, special  fuels such as alcohol 

The present investigation w i l l  be primarily concerned w i t h  the 

such as are used commercially i n  large .amountsc 

' 

tlstandardll fuels ,  

Still, the results obtained i n  this work could a l so  be applied t o  

spec ia l  fue ls  under appropriate circumstances+ 
\ 

A l l  these fuels  used f o r  the operation 6$ j e t  engines, whether l iquids  

o r  gases a t  atmospheric pressure9 belong t o  the grea t  family of hydrocarbonse 

In  general, however, the fuels  are not  pure materials, but a mixture of 

a ,large number (several hundred) hydrocarbon homologs, 

the paraffinic-naphtherc compounds m a k e  up the major portion; 

Considered roughly, 

then there 
follow the aromatic components, 

and lead te t rae thyl  OCCUT i n  f rac t iona l  percentages"by weight o r  volume, 

depending on the type of fue l& 

w i t h  the o lef ins  i n  the last place, Sulfur 

Characterization of these individual types of fuelA by fixed chemical 
\ -  

and physical character is t ics  is quite d i f f i c u l t ,  however, 

possible, because commercial fue ls  are mixtures of individual components, 

which are produced i n  various p lan tso  

and even i m p  
. 

$ 

These mixtures m u s t  m e e t  a spedficat ion/ZO - 
i w h i c h  allows considerable tolerance, T h i s  is not least canditioned by the 

la rge  number of crude o i l  f i e l d s  (or by production from various coals) and 
the resul t ing necessary variety of crude 6L1 campositions3 

8 



For example, if one had the analysis of a standard automobile gasoline 

tha t  was used i n  the t e s t s ,  it would be possible t o  make phase diagrams 

fo r  t ha t  gasoline, 

accuracy, These would not,  however, include the individual hydrocarbon 

homologs, 

this gasoline, 

carbon, If one re la tes  the standard automobile gasoline t o  a 

l a t e r  time or  especially t o  another company, 

these phase diagrams no longer apply, 

compromises w i t h  their accuracy. 

a t  s ign i f icant  expense and up t o  a cer ta in  degree of 

but would apply only for a selected mean charac te r i s t ic  of 

Thus one works as i f  he were dealing w i t h  a pure hydro- 

one can safeLy say tha t  

One m u s t  make considerable 
t / 

2&2 Physical Properties 

A group of properties is used t o  characterize the type of hydrocarbon 

o i l ,  Their re la t ion  t o  the chemical s t ruc ture  of the o i l s  has been 

determined through experimentsr 

important f o r  fue l  vaporization: 

The following properties are par t icu lar ly  

2,2.1,. Dis t i l l a t ion  Characteristics 

Being mixtures, the mineral o i l s  have no boiling.point,  but a more 

or  less broad boiling rangeo 

by d i s t i l l a t i on  analysis i n  the laboratory - /T9LT* 
d i s t i l l a t i on  procedures is t ha t  of Engler o r  A, S, Tc MP 

Xn petroleum technology, this is determined 

One of the most common 

(American Society 

for  Testing Materials)* The result is shown i n  tables, or  i n  the form of - /2-1 
a g'boiling curve", 
gasoline %sed f o r  the testsiis given a t  the end of this chapter, 

related curve is presented i n  Figures 1 and 2* 

The boiling analysis of the standard automobile 

The 

I n  these diagrams the temperature is plotted aga3nst the volume , 

percent of the fue l  which has d is t i l l ed ,  

shows the curve mentioned along w i t h  the boiling range cuwes f o r  the most 
commonly used airplane fuels. 

d i f f e r  considerably i n  the slope aqd temperature level of t h e i r  boil ing 

range curvese 

The lower pa r t  of Figure 2 

It is apparent that the various fue ls  can 

The ranges themselves have d i f fe ren t  widths a t  constant 

? 



volume percent of distillate, 
fuels shown with increasing yield of distillate, 
spread within a given type of fuel is therefore less for the more 
volatile components than for the higher-boiling ones9 which expapd 

and1 these ranges increase for all the 
The boiling point 

this range greatly 

The following 

2.2.2 50% Boiling 

at the end of the distillation- 

characteristics are derived from distillation analysis: 

tE 50 Temperature 
The 50% boiling temperature is defined as that temperature at which 

50% by volume of the starting material has distilled over in Engler 
distillation analysis. 
narrow-boiling fractionso 
boiling temperature $ 

But this value is characteristic only for 
"he same definition also applies to the 10% 
and the 90% boiling temperature tE 

2,203 Slope of the Distillation Curve - sE or sE 

This is understood to mean the slope of the distillatian curve in 
degrees Celsius per volume percent, The mean slope F is defined either /.22 E 
as 

or 

\ 
' I  1 

' \ '  

I 
I $1 

2*2*4 Mean Boiling Temperatur4 YE (Boiling Index) 

r- ~ __ __I- 

The-mean boiling temperat is obtained by taking the arithmetic mean 

SO 



\' 

It is also often calculated by adding the temperatures at 5 ,  15, 25 e 

85, 95 percent distillate by volume!x and dividing the sum by tens 

2,2,5 Mean Molar Boiling Temperature' TN 

For the 
measured in 

- 
mean boiling temperature t 'the amounbof distillate is E 
percent by volume., "his temperature represents a volume-mean 

boiling temperature, 
satisfactory as a characteristic value for a @.nerd oil, because the 
ratio of density to molecular weight decreases'with increasing boiling 
point, 
boiling temperature, but w i t h  different slopes f& the Ehgler curve, 

But in the physical view this relation is not quite 

From this it can be seen that mineral oils With the same mean 

can show significant differences in mean molecular weight and thus also 
in vapor density. 

In order to remedy this condition, the concept of the "mean molar 
boiling temperature" % has been introduced, 
is referred to the equimolar anhunt of distillatee The jake of TM is 
obtained by decreasing the mean boiling temperature 

In this case the mean value 

by a correction, 
A t 1  

The value of the correction.depends on the slope 6f the Ehgler distillation 
curvep s defined in 2*2.3, between the 90% and 10% pointso Figure 3 shows 
~t as a function of SE according to - -  /T9 2e7e 

- 
E' 

I 

2*2*6 Watson Characteristic Factor 

Out of several proposed characteristic values intended to give 

a relation between the chemical structure of a type of oil and its 
physical properties, 
best, 
exactness in the results.  Nevertheless, the c h ~ ~ ~ c t ~ r i ~ a t i o n  of an oil 

the Watson characteristic factor still proves 
The purely empirical relation on which it is based allows no 

which i t  gives is quite useful, 



The Watson characteristic factor, is defined as f@llowsr 

15e6 is the relative Here T is the boiling temperature in K and D15,6 
density at 15,60CI referred to water at 15.6 Co 

0 '  

S 
0 

For mixtures of oils, the boiling tempkature Ts is replaced by 
the 50% boiling temperature defined in 2*2*2 or by the mean molar boiling 
temperature defined in 2.2.5, 
a fraction having 
spaced boiling limits, 

depending on whether we are dealing w i t h  

narrow boiling limitso or With one having widely 

From the quality of the oil, the boiling temperature, and the density, 
other properties can be determined, which are contained in SI 

include the viscosity, the specific heat, the heat of vaporization, and 
the heat contento 

These 

"he corresponding tabulations are in . -  & - 2TS 

2,2*7 Physical Properties of the Standard Automobile Gasdhe-used for the-" 
Tests 

'- 

These characteristics were determined or calculated accordfng to the 
definitions &&e, as follows 

50% boiling temperature 
mean boiling temperature 
mean slope of the boiling c-e 
correction from Figure 3 

mean molar boiling temperature 
Watson characteristic factor 

and also 
density 
molecular weight 
gas constant (848/PI) 
critical temperature 

312 

- tE 50 
E S 

15 rr6 
D1506 
M 
R 

87OC 

94,lOC 

1*21 "c/voa % 

7Oc 

87,lOC * 

11e8 

0073 

94 

9602 

274*C 



critical pressure = 38 kp/cm2 abs P .  
tC.r 

2,3 Critical State  

The c r i t i c a l  state of a material is characterized by the absence 

of w e t  vapor i n  the t rans i t ion  from vapor t o  liquid3 

is direct,  

the c r i t i c a l  pressure p . and the critical volume v O, A t  the critical. 
point, which is established by these parameters, therefore, the l iquid 

is no longer separated from the vapor, 

i. ev, the t ransi t ion 

The re lated s t a t e  variables are the critical temperature tcr, /2fi 
c r  cr 

and both states have the  same 

density+ 

If the c r i t i c a l  temperature is exceeded, a boundary between gas 

and l iquid can no longer be detected, 

high, 
below the c r i t i c a l  value a t  constant pressure, only the l iquid fom of 

Even if the pressure is se t  very 

no phase separation can be obtainedr If the temperature drops 

the material can be obtained, 1 and vaporization is prevented by the 
\ 

1,8 

‘I 

c r i t i c a l  pressure, ’ \ .  
’ f  

The critical state va r i ab l ’ i  t . and pc, of hydrocarbon m i x t u r e s  TI .c.r 
are higher than those of the ho $logs they contain, 

critical points of the homologs # the  greater, the further apart  their 

boiling points are, 

already-defined concepts TE, FE, R, , 
according t o  - -  /T, 27. 

The separation of the 5 /I 
\ i d  

The values oq,tcr and p .  can be determined from the c.r 
? $  - and the molecular weight, 
W These are show graphically o r  numerically i n  the 

upper pa r t  of Figure 2 f o r  the fuelk mentionedr 

I 

For hydrocarbon homologs the l iquid and gaseous s t a t e s  are separated 

by the vapor pressure cuwe (vapor tension curve), which ends a t  the critical 

point. and 

which have a boiling range a t  constant pressyre, have a two-phase region 

between l iquid and vaporb 

different  composition, 

as 

Mixtures, which include a l l  the fue l  types considered here, 

In this region the’ l iquid and the vapor are of 

The l imiting l i nes  of 4ese regions are designated 

the vaporization l i n e  along the  l iquid,  and the dew l i n e  along the vaporo 

13 
! 



Both l ines  jo in  a t  the c r i t i c a l  point, i n  analogy with the vapor 

Its exact course near the c r i t i c a l  
E 

pressure curve of a s ingle  material, 

point cannot be determined by calculation, however, 

by experiment, 

and can only be found 

This is caused by abnormal vaporization and condensation 

phenomena near the critical point and potent ia l  phase separation even 

above the c r i t i c a l  point. The parameters t and p,, m u s t  not be 

the maximal values on the limiting curve, 
and pressures can appearr .Above these maximum valuest phase and 

composition differences are no longer possible, 

, 

cr 
as still higher temperatures 

even.far mixtures, 

2-4 Equilibrium Vaporization Curves and Vapor Pressure Diagrams 

I n  order t o  study and evaluate the problem of fuel vaporization it is 
necessaxy to  follow the course of the state of l iquid f u e l  used during 

the vapQrizatian process by means of a state diagram f o r  this fue lo  

shown later, the vapor pressure diagram w i t h  vaporization and dew l ines  

for  .the fue l  concerned has proved very good f o r  this purposep But even 

w i t h  the Engler d i s t i l l a t i o n  analysis described.in 2+2,1 and the boiling 

curve obtained from it, it is still not possible to  d r a w  such a pressure- 

dependent vapor and dew point d i a g r q  far the hydrocybon miXture concernedp 

because the Engler analysis is not carried Out a t  constant pressureo 

no vaporization eqyilibrium can appear, 

As is 

Thus 

as is the case, for instance, i n  
the pressure drop a t  and fdlowinCg the fuel  injection je t  of a ramjet engine, 

For mineral o i l s  i n  a closed system, t h a t  is, when a l l  the phases 

and newly-formed phases are present remain i n  contact w i t h  each otherp 

not removed, 

equilibrium vaporization cuwe - -  /-1 7e 
curve, but a t  constant pressure, as a function of volume percent and 

temperature, 

the mixture concerned by the methods given in 

the vaporization'equilibrium is represented by the so-called 

This is plotted like the  Engler 

Xt can be determined from the d i s t i l l a t i o n  properties a€ 



Figure 1 shows this equilibrium vaporization curve for  the standard 

automobile gasoline used i n  the testse 
which is a lso  shown? is apparents 

volume percent d i s t i l l a t e  can be replaced by a s t r a igh t  l ine ,  t o  a good 

approximation, 

o r  less strongly curvedr. 

The s imi la r i ty  t o  the Engler curve, 
The part of the curve between 10 and 90 *.. 

while the analysis shows the ends of the l i n e  to  be more 

The concepts defined i n  2.2r2 and 2,2,3 nathrally apply also for the 

equilibrium vaporization curve9 
by the index G, 

except t ha t  the index E is replaced 

"he equilibrium vaporization curve for higher pressure appears if  

one plots  the temperature of the in i t ia l  point tG 
of the curve, 

The critical point for the type of fue l  being considered is also plotted, 

and connected w i t h  s t r a igh t  l ines  t o  the points tG and tG 
l ines  are the vapor pressure curve (vaporization l i ne )  and the dew pressure 

curve (dew l ine)  of the f u e l  ctnsidered, 

according t o  this scale (absd$sa 1/T, ordinate log p) 

curves of single materials are nearly l i nea r  LT, 2, z7& 
obtained the vapor Rressure diac$pm, 

(vaporization point) 

and the endpoint tG loo (dew point) as log p vs. l/te 

These two 

i 

because i n  a pT diagram plotted 

the vapor press- 
' \  Thus one has 
I 

such as is shown i n  Figure 19, 

Now the vaporization and ded\!,points can be read from the equilibrium 

vaporization curve) i n  this d i a g r b ,  fox any chosen pressure below the 

critical point, One can see that h j i t h  increasing pressure the temperature 

difference between the vaporization, l i n e  and the dew l i n e  becomes steadily 

smaller, 
', 

reaching zero a t  the criidkal point (see a l so  Figure 11, 

W e  have already referred i n  2,3 t o  the inaccuracy of the course of 

JGt as far the 

- / 2 8  

t he  vaporization and dew l ines  near the c r i t i c a l  pointe 

temperatures tG and tG 
c r i t i c a l  point from the  tanperatures a t  othem; valume percentages of 

d i s t i l l a t e r  and tG 75a'. Then these l i nes  subdivide 

the equilibrium vaporization curve to be read at  any pressure in the  same 

proportion of volume percent d i s t i l l a te  as t h a t  of the in i t ia l  curve a t  

one can now d r a w  s t r a igh t  l ines  t o  the 

such as tG 259 tG 
\ 
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1 atmosphere absolute pressuree 

temperature curve of the expansion process i n  the fue l ,  injection j e t  

f o r  a f u e l  vaporization process, 

between the  vaporization and dew l ines ,  

pressure diagram one can f o r  any expansion phase detemdri? the vapor and 

l iquid proportiQns h volume percent. 

Therefore,if one knows the pressure- 

and i f  this curve f a l l s  i n  the region . 
then by means of t h i s  vapor 

\ 
Thus one can betennine a t  any time 

the extent t o  which the vapbrization, 

condensation, has proceeded. 

o r  in some circumstances, the 
, 

2,5 Expansion i n  the Fuel Injection Jet  

The t o t a l  heat - entropy diagram has proved bes t  f o r  thermodynamic 

study of the expansion process ' in  a jet, since the amounts of work and 

heat can be read off as l i n e  segments. 

of the forms of the passages i n  inject ion jetso 

determine generally val id  expansian curvesa 
expansion process in the heat-entropy diagram for each j e t  form a t  

a h o r n  W ~ a m b e r  condition", 

But because of the varied nature 

it is impossible t o  

Thus one m u s t  follow the 

I n  order t o  make a generally valid statement in spite of tha t ,  

it is expedient t o  include the range of a l l  possible conditions i n  place 

of an individual expansionr 

i s  limited by the lines of two theoret ical  skate curvesr 

is that of adiabaUc expansion, 

For the present expansion process this range 

One of these 

i, e*, the state curve far constant 

entropy* The other is the pure t h r o t t l e  expansion a t  constant enthalpy, 

The curve of cQnstant entropy is the more important f o r  this investigationo 

because it is more o r  less the c r i t e r ion  f o r  the possible vapor state of 

the fuel,, 

vapor statess 
sions on the  approximate course of the  actual expansion curve, 

/zs 

while the  isentropic curve marks off only the higher superheated 

From these two curveso it is also possible t o  draw conclu- 
$ / 

As has already been discussed i n  2s1, the fue l s  under consideration 

are made up of many hundreds of hydrocarbon homologsr It is impossible 

t o  make up vapor tables or diagramsSwhich-take i n t o  account Ule ca lor ic  



behavior of the individual hydrocarbons in such a mixture, 
can be replaced, however, by an assumed single material of the same density, 
which remains liquid up to the mean molar boiling temperature, 
vaporizes at this temperature, 
region, 
representative of the actual fuel’, 

This mixture 

completely 
and above it is in the superheated vapor 

Thus one takes the characteristic data explained in 2.2 as 

and for these dgta, which represent 
the mean values, draws the necessary diagrams. 
accurate for the current investigation, 
itive statements on the possibility of fuel vaporizaton* 

This method is sufficiently 
and with it one can make defin- 

To determine the course of the isentropic and henthalpic curves 
mentioned, it is necessary to have temperature-entropy and enthalpy- 
temperature curves, in which these state curves appear as straight lines& 
The enthalpy-entropy cuwe mentioned initially can be neglected, because 
only the limiting curves for the process are to be determined, 

Drawing of the temperature-entropy and enthalpy-temperature 
diagrams is quite time-consuming and encumbered with approximations) but 
the accuracy is adequate for the thehnodynamic considerations undertaken, 
Figures 4 and 5 show these diagrams for the standard automobile gasoline 
used in the testso 

-- 
The diagrams were developed by the methods given in c / lJ* - /30 

Thus to obtdn the limiting curve for’all expansion processes fram m e  

initial condition, one need only enter the diagram at the appropriate 
khamber condition”, 
of the fuel on the line entropy = constant or enthalpy = constant, 

and from this point trace out the thermal behaviox 

2*6 Heating up and Vaporization 

Vaporization of a liquid fuel in a ramjet engine can follow 
thermodynamically different pathso 

L e t  us consider these possibilities in a temperature-enkmpy o r  

enthalpy-entropy diagram, su$h as are given in Figures 4 and 6 for standard 

17 



Sf l iquid fue l  is heated, it is  converted in to  the s taee of 

saturated vapor as soon as  the temperature reaches the saturated 

vapor temperature a t  the prevailing pressure? 

can then be s t a r t ed  near the upper l imit ing c v e  (saturated vapor 

l i m i t )  .I 
hydrocarbon mixtures used as fuels ,  

pressure is reached, 

The expansion process 

'Thus one cer ta in ly  obtains superheate'h vapor w i t h  the usual 

i f  the level of the counter- 

! 

I n  several  te&ological devices, such as blowtorches and gasoline 

stoves, 

vaporization process works i n  the  way just described* 

cracking of the fuel  in turbojets,  a i r  i s  mixed With the fue l  and t h i s  

as w e l l  as i n  the combustion chambers of s&e turbojets,  the 

Xn order to avofd 

mixture then heated - /76-427& I '\ 
If one wishes t o  avoid.during the heating phase of the fue l  the 

saturated vapor region and its related bubble boiling, 

work w i t h  w i t h  higher pressures, 

In  t h i s  case the heating up t o  the 9khamber conditionqr proceeds ex- 

clusively in the l iquid phase along the lower l imiting curvea 

s ta r t ing  point  for expansion can be below the critical point, 

the lower it is, the more the cuwe approaches that f o r  pure t h r o t t l e  

expansionr 

region is not crossed u n t i l  the expansion phase, 

f i n a l  s t a t e  i s  again i n . t h e  superheated vapor regionc To be sure, there 

are  a l so  P'chamber conditionsV1 i n  the supercr i t ica l  region from which the 

course of expansion leads re la t ive ly  slowly through the saturated vapor 

region, 

then one must 

near or above the critical pressurec 

The 

but  

, 

I n  contrast  to the previous case9 here the saturated vapor 
t 

or  not a t  a l l ,  The 

o r  it can even end thereo This OCCUTS i f  the temperature of 

the fue l  is only a l i t t l e  above the crit ical  value, 

very much above* 

entropy may have become so low that the expansion curve can no longer 

ge t  over the apex of the upper: l i m i t h g  curvep 
the saturated vapor region* 

and the  pressure 

Then because of the high pressure the enthalpy and 

and thus leads into 

18 



The poss ib i l i t i es  which have been described for fue l  vaporization 

are due t o  the par t icu lar  ca lor ic  behavior as characterized by the course 

of the saturated vapor boundaries f o r  this material in the temperature- 

entropy or enthalpy-entropy curves, 

increasing values of t and i (see .Figures 4 and 6 ) .  

i n  which the entropy increases w i t h  

These poss ib i l i t i es  for fue l  vaporization can be more or  less 

well realized i n  a ramjet engine., 

i n  Chapter 4 by m e a n s  of the computer and test results* in cambinakion 

with the  vapor pressure diagram described i n  2*4* 

The problems which appear are treated 
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H a n s  Gocke%$ Chemical Engineer 
'$ 

Public commissioned expert n commercial chemistry, under oath 
Stuttgart-Feuekbach * Wienarstrasse 13 

B a n k t  Feuerbach Peoples Bank, Girokonto Nor 86 Postal Checking 
account No, 321 35 Post Officel\Box 172 Telephone 8 35 59 

German Research Snstitute far 
Air and Space Travel, 
7023 Stuttgart Airport  

Design Division 

Your designation YQIX communication of 
Order No, 85 

Our designation 7 Sth.ktgart=Feuerbach9 

No. 8900, 7f11/66' 
\\ 

Go/Kz-3 23 N o v e m b e r  1966 

VK Investiqation Nunber 443  
\ 

Sample material2 Shndard automobile gasoline Received: 8/11/66 

Submitted byr German Research Institute for air and' Space Wave1 
Taken from 

Color and outward appearancet clear, reddish liquid i 
\ Density at 15OCg 01731 

3 Acid value: 0,21 mg/100 an 1 

sulfur (total)r 0103 % by weight 
Corrosion tcu) t negative 
Solid residue from evaporation at 160°C - 2*2 

! 

..) 222.E 
Density Number 32 

Sulfonation number t s  

Iodine number a 

Oa004 
I 

Volume % 
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Begin 36 

10% 52 

20% 59 

30% : 66 

40% 76 

50% 87 

60% 1 0 1  

70% 117 

80% 132 

90% 149 

up t o  50° 7,5% 

)* pp l ooo  59*5% 

I? vv 2000 P 

9' Pf 70° 34 % 

*I VP 150° 90 % 

18 st  - 

ASTM/S t andard 
Engl ConvegAon 

5% 

15% 

25% 

35% 

45% 

55% 

6 5% 

75% 

85% 

95% 

C 48 
56 i '! 
63 i r  

/ 
7 1  I '  

8 1  I f  

93 11 

109 I f  

125 tr 

140 I f  

16 3 It 

0 

T I  

Y i e l d  98% 

Residue 1% 

Loss 1% 

Final 184'C 

up t o  75O (including d is t i l l a t ion  loss) 39% 

Evaluation 

This sample of standard gasoline is of acceptable standard commercial 

quality, The spec i f ic  gravity$ together w i t h  the DL, numberp shows t ha t  

the aromatic partion ;is unusually low6 

21 



3, EFFECT OF THE RAMJET OPERATING PARAMETERS ON 

THE STATE OF THE FUEL VAPOR 
133 
LI 

3,l Heat Exchange i n  the Engine Cowling, Fuel Heating 

\ 
, I  

' \  
I n  the ramjet engines dedcribed here, the l iquid fue l  is  heated 

with waste heat, Since pa r t  df the heat loss is taken off through the 

engine cowling, the fue l  m u s t  

heat exchange process. The 

covering is determined by 

and t o  a large degree a l so  

introduced i n  the proper way f o r  this 

of heat exchange, 

requirements. 

of fue l  onto o r  in to  the engine 

Because of the weight, it is not desirable t o  run a separate fuel 

l i ne  i n  some m a n n e r  along the enginb cowling w i t h  engines f o r  blade t i p  

drive, 

It is more appropriate t o  use the engine cowling f o r  f u e l  transport, 

Simultaneously, 

although it could be done simply and economically Wi th  tubes. 
D 

the cowling material is cooled. 

This solution leads t o  a double cowling, The annular clearance is 

supported by crosspieces and subdivided so as to  provide favorable fue l  

supply, 
is very high, 

\ 

and also t o  stand the fue l  pressure,<\?which i n  some circumstances 

Different paths can be used for  design, either through welding 

together specially produced tubes, 

sol id  material, 

selection of the solution actually realized, 

o r  by milling channels out of the 

The manufacturing poss ib i l i t i es  were decisive f o r  the 

In the  ramjet engines used i n  the tests,. as  shown i n  Figures 32 t o  35, 

the fue l  is lead through a channel w i t h  square cross secjion, which is 
coiled he l ica l ly  through the annular space of the engine double mantle, 

?/24 

The heat exchange f o r  this solution w i l l  be calculated below, 

procedure used is based on the methods used i n  references / 3 / through 

- -  / 6 / fo r  computation of heat exchange i n  finned tubes and finned surfacese 

The calculatioh 
b r -  

- I  - -  
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To do this, the cross section of a finned surface is reflected i n  a 

l i ne ' o f  symmetry which runs across the f i n s e  

channels of rectangular cross section, 

and cooled on the other side. 

channel wall are thus the same on both sides of the spmmeky l ine ,  

with the signs reversedr 

Thus one obtains adjacent 

which aye heated on one s i d e  

The heat  conductivity problems i n  the 

but 

The following f igure shows the cross section of a channel element 
and the designations which apply t o  it. 

t 

air - 

;combustion I gases 
-- 

I I '  ;combustion - gases 1 
-- 

I 

q o  a: ...... 

Without introducing serious errors,  the calculatfons can be simplified 

as  followsr 

le The channel walls are th in  i n  comparison t o  the engine cowling 

diameter, Thus the curvature of the outer and inner cowlings 

can be neglected f o r  calculation of heat conduction i n  the walls, I__ /35 
2, It is assumed that there is no heat flow perpendicular t o  the 

cross-pieces; 

The brazed j o i n t  between the outer cowling and the cross-pieces 

is neglected; 

t h i s  flow is only radial ,  

3, 

ia e*, it is assumed that the material runs 
23 



solidly through, instead of there being a brazed joint, 

In order to comprehend to some extent the multiple temperature and 
velocity conditions in the combustion chamber, the following additional 
simplifying assumptign is introduced: 

\ I 
I \  

4,, The wall and gas ten'tp'rature, 
are assumed to be 

as well as the gas velocity, t 
through the length of the combustion 

_chamber. ' 

The square cross channel, the uniform wall thicknesses, 
and the homogeneous 
in this case: 

allow the following equalities 
\ '  

a> Coefficient of thermal conductivity, k \ 

For the heated (index 12) and cooled (index 13) sides of the channel, 
the thermal conductivity coefficient is: 

I \? 

d,,, is designated as the so-called apparent heat transfer coefficient., 
The following equation applies for itr 

i 
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H e r e  4 is the tpf in  efficiency”g 

b 

b) 

According t o  Hausen, the Nussel t  number f o r  heat t ransfer  from the 
combustion gases t o  the inner cowling (forced convection) is 

Heat t ransfer  from the combustion gases t o  the inner COWlhge 

and the heat transfer coeff ic ient  is 

%& - 
The heat transfer is increased by radiation 

The heat transfer coeff ic ient  f o r  this ist 

from the combustion gasese 

Since the radiating gas contains C02 and H20, the individual radiations 

are determined separately and added t o  give the t o t a l  radiationt; 

The t o t a l  radiation is decreased, however, by about 2 = 7% due t o  

opposing effects of the  individual radiatLonsa, Assuming this factor 

to  be 4%, we have 
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The amount of heat transferred per hour per square 
surface by gas radiation is, for C02 or H20 radiation 

Within the brackets, the term € is to be determined gw 

meter of wall 

for the gas temperature 
in the first expression and for the wall temperature in the second expressions 
According too El Eckert - -  /-'7 7 the radiative exchange ratio 
the equation8 

is given by 

5 

Eg and tg- for CO and H20 can be taken from diagrams-/g, 87 as functions - -  2 
of the product of s and pI In this case s is replaced by the 

Here it is equal to 0.95 dile 

They can be determined from the partial composition of 

The necessary 
g1' 

"equivalent radius" s 

p a r t i a l  pressures of C02 and H 0 are dependent on the richness of the 
mixture,' m, 
the flame gases in volume prop'ortions (mole fractions), 
ratio of the wall E ,  is set1 4ual to 0-65, 

2 

The emission 

Now one obtains the expression for the heat transfer 
coefficient z 

The increase in heat transfer 
(C02$ H20) is still so slight 

due to dissociation of the flame gases 
at th& prevailing combustion temperatures 

', 

that this effect can be negIecteda I 

c) 
According to J?kges-Merkel, the heat transfer in turbulent flow along a 
plane wall (cowling curvature neglected) is given by 

Heat transfer from the outer cowling to the aire 
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Then the heat transfer coeff ic ient  far kransfer fxcm the outer 

cowling t o  the a b  becomes 
1 

d)  Heat t ransfer  from the surface Fi2  t o  the fue l  or  from the fuel t o  

the  surface Fp 13 
According to Hausen-Kraussold the expression for l iquids is 

P i  

The i a s t  term i n  this equation'can be set equal t o  one here, because 

there is provision for continuous intimate mixing of the fue l  stream, 

which is especially s t r a t i f i e d  due to  centrifugal force. 

are  dealing w i t h  tube flow i n  rectangular cross sectibn, the equivalent 
hydraulic diameter must be insertedr 

becomes 

Because we 

Then the heat  transfw coeff ic ient  

8 
W i t h  consideration of the curvature of *e flow channelo 
become 

or 

e) Mean heat t ransfer  coeff ic ients  m12 and m for the surfaces Fk12 

!I'his heat transfer coefficient depends on khe crws-piece height h 

to khe distance between cross-pieces, 

13 

and *k13 

sQ h/s = %/2, one &lains 

13'8 
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from the corresponding diagram i n  L-6 - 78 

This mean heat t ransfer  c o e f f i c i k t  can now be inser ted  into Equations 
(1) and (2 )r  # '  

f) Fuel temperature increase 

The amount of heat t ransferred t o  the  fue l  per h o w  is 

or w i t h  the  water value, &, = G-.c,,, 

The quantity of heat  added or removed per hour is 

At, is the mean temperature difference, 

13 13" 

It is assumed that ti2wt1*12 and 
\ t' m# t'* 

i n  the temperature difference4,i.s very small, 

arithmetic mean temperatures **\*e two materials* 

Then9 because there is countercurrent flow and the difference 

one getsp instead of the 

as the difference of the  mean logarithmic temperature d+fferencep ' a  st; 

_... 

\ 

If these two equations are substitu+ed in to  Equation (5) 

Equations (4) and (5) i n t o  Equation (31, 

and then 

one can solve Equation (3) , 

for the fuel  temperature a t  the conclusion of the heating p m e s s ,  

28 
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The course of the calculations shown, w i t h  the formulas used, was 

confirmed by the tes t  resu l t s ;  

calculation applies, however, only f o r  the l a s t  two poss ib i l i t i es  f o r  
heating described in 2-69 

But bubble boiling is, as is shown later, not desirable f o r  operation 

of the ramjet engine; 

t h e i r  result uncertain, 

they agreed w e l l  (see Figure 15)- The 

that is, as long as no bubble boiling o c c u ~ s ~  
I 

it would complicate the calculations and m a k e  

This heat exchange process was programmed f o r  the investigation i n  

302 and 3.3, 

The corresponding flow diagram is shown i n  Figure 7. I n  order t o  

obtain the necessary increase i n  fue l  temperature ahead of the inject ion 

je t  in the test runs, it was necessary t o  follow the first heat exchange 

with a second one. 

test ramjet engine was designed as a heat exchanger, 

Figure 33, 

known formulas and relations which agree best  w i t h  experimentsr 

ca lcka t ions  are shown i n  the f l o w  diagram of Figure 8, 

For this purpose, the secondary flameholder in the 

as  shown i n  
The calculakLons set up far this w e r e  based on the w e l l -  

The 

3*2 Operating Parameters , State '  and Efficiency Characteristics 
of the R a m j e t  Engine 

li 

Prevaporization of f u e l  for blade-tip ramjet engines on an aircraft 

is reasonable only if the safe operation of the engine is guaranteed f o r  

a l l  f l i g h t  and operating conditions occurrings 

the effect of potential  operating parameters on the  state of the fue l  

before the injection jet ,  the heating process of 3.1 was carried out 

f o r  a wide var ie ty  of these parametersa The necessary s ta r t ing  data, 

such as state and e f f i c i e k y  character is t ics  for the  ramjet engine as  

functions of important design and operating parameters w e r e  taken from 
the theoret ical ly  derived design tables of SGger-Bredt -- /13/* 

of these tables is based on n-octane (CsH18) as fuelp,  

reason for this choice was the fact that, w i t h  reference t o  itxi &emica% 

I n  order t o  fnvestigate 

I_ I 4 1  -- 
Calculation 

The controll ing 
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and thermodynamic properties, 

among the fue l  mixtures considereds 

n-octane has an intermediate position 

This condition agrees w i t h  the present investigation, as n-octane 

is a character is t ic  m e m b e r  of the l iquid paraffins, which scarcely 

d i f f e r  w i t h  respect t o  their heating powers i n  mixtures. As already 

mentioned i n  2 * l t  these paraffins appear predominantly i n  the usual 
fue l  mixtures, For comparison w i t h  gasolines i.1: is helpful that the 

critical values of these mixtures are of the same order of magnitude as 

those of the hydrccarbon homologs of n-octane (pet =L 25 atm absj 
tcr = 296°C), 

In order t o  l i m i t  still more the number O f  free parameters, the 

tables w e r e  based an a standard atmospherer 

The program f o r  the heating process w a s  provided w i t h  the following 

variables 

Fl ight  Mach number ~ . ~ w o o ~ ~ ~ , o o o o o o o . . o o o ~  Ma 

Flight a l t i t u d e e D 1 l ~ o ~ o a l . ~ o e w e ~ e ~ ~ ~ ~ ~ o ~ o e  PI 

Jet o r i f i ce  r a ~ ~ r o , e r o o ~ . r ~ e P e . o e e ~ ~ O ~ o ~ o  P /I" 
Mixture richnesseoDoe~oo.,,,r,,,,,,,,,,,,p m 

4 2  

and w i t h  the s t a t e  and efficiency character is t ics  resul t ing from them, 

The values are summarized i n  the following tablet 
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,,\ 

Such a computer program, w i t h  only 4 parameters and 120 combinations, 

appears very simple on quick consideration, 

values f o r  the fuel,  the combustion gases, the cdoling a i r ,  and the wall 

material which enter i n t o  the calculation depend on the temperature, and 

i n  large pa r t  a l so  on the pressure, 

number of possible material variables. 
putation can be solved only by i te ra t ion ,  

But since the material 

the four parameters r a i se  up a great 

Thus such a heat exchange com- 
' \  

In s p i t e  of some problems it was possible t o  estabqish temperature- 

and pressure-dependent state curves f o r  materials up t o  the most extreme 

values, 

\ 

and t o  enter  these as  polynomials i n t o  the computer, Th i s  waS 

able, a t  each i t e r a t ion  step, t o  read out the newly appearing material 

value by interpolation from the %urVes"r 

program could the  computation time be held within acceptable limits, 
Only w i t h  this supplementary 

3.3 Whamber Conditions" of the Fuel 

The computer program described i n  3,1 and 3,2 led, i n  a Mach number, 

mixture richness, fue l  temperature r a t i o  

equipotential surfaces which describe possible #kharnber conditions" 

(Figure 9) The dimensionless fue l  temperature ra t ios ,  /t are shown 

f o r  the f l i g h t  a l t i tudes  of 0 km and 4 kmo 
surfaces are staggered from below upwarde 

space, far H - constant, t o  

11 
3n this set sf alt i tudes,  these 

This was not foreseen originally,  It was  expected, rather, t h a t  the 

fue l  would be heated less a t  4 km a l t i t ude  because of its lower initial 

temperature and the more intense cooling of the outer cowling, But 

because the fue l  flow is less a t  higher a l t i tude,  due t o  the better 

efficiency of the engineo 

the staggering mentioned above takes places 

greater a t  higher a l t i tude*  

so t h a t  the spec i f ic  heat input becomes 

the fuel temperatures 

- - -  
I / 

greater, 

are 

311 



Within the a l t i t ude  surfaces, an increase i n  the.rnhture richness 

because of the result ing higher a lso causes higher fue l  temperaturest 

combustion chamber temperatures, The rise i n  the,dncident flow velocity 

f o r  the 

. because 

The 

be seen 

engine (Mach number) counteracts this tendency, however, 

of the greater  fue l  flow, 

primarily 

diagram shown is f o r  the jet  o r i f i ce  r a t i o  F4/F2 = 0,5& 
from Figure 10, 

As can 

variation of this design parameter does not 

I t’11/4cr* signif icant ly  change the fue l  temperature r a t i o  

Figure 11 gives infarmation on the amounts of heat exchanged and 

the fue l  f l o w ;  Figute 1 2  on the parameters w 2’ W3’ t 3  9 93 and P3i 

and Figure 13 on the thrust coeff ic ient  csth and the  thrus t  Sth, 

cases these values are shown aver the the mixture richness and peripheral 

velocity f o r  the two a l t i tudes  0 and 4 he. The percentage dis t r ibut ion 

of the amount of heat rmoved from the combustion chamber v ia  the engine 

cowling is shown i n  Figure 14. 

t o  the engine through the fuel ,  while the remainder is l o s t  t o  the outside 

airp From this diagram it is a l so  apparent t h a t  by insulation of the 

engine outer cowling still more heat could be added to the  fuel with the 

same exchange -surfaces+ 

I n  a l l  

More than 50% of this heat w i l l  be returned 

32 



4, EXPERJlMENTAL RESULTS AND CONCLUSIOBk3 FROM 
COMPUTER RESULTS 

Experiments w i t h  the ramjet engine, as i n  Figure 33, on the system 

described i n  Chapter 5, have confirmed the usefulness of the theoret ical  

assumptions and predeterminations of Chapters 2 and’ 3. 

With the fue l  temperatures attained a t  the end of heating, it is 

demonstrated that:  

loss from a ramjet engine fQr blade-tip drive that after expansion i n  the 
inject ion je t  it appears en t i re ly  i n  the vapor phaseo 

efficiency of such f u e l  prevaporization w a s  demonstrated w i t h  these 

l iquid fue l  can be heated suf f ic ien t ly  w i t h  the heat  

The functional 

experhents,  

4-1 Fuel Temperature and Pressure Along the Heating Section 

Figures 15 and 16 (17 and 18) show khe experimental measurements 

of temperature and pressure as a function of fue l  consumption 

points I m V along the heating sectiono 

the engine during measurement was nearly constant a t  0-37 Ma. 

at ion of 540 g occurredo 

shown as parameters i n  the diagrams, 

a t  measuring 

The peripheral air f l o w  around 

An acceler- 

Three d i f fe ren t  j e t  orifice ra t io sp  F4/F2* are 

A t  the actual  fue l  consumption, w h i c h  was considerably &we the 

theoret ical ,  about 50% of the required f i n a l  fue l  temperature could be 

attained, The remaining 50% had t o  be provided frm the secondary flame- 

holder designed as a heat exchanger, 

a t  maximum fue l  flow of about 90 kp/hr were about 32OoC, The ef fec t  of the 

j e t  o r i f i ce  r a t i o  on the fue l  temperature is not very great, as the  calcul- 

a t ion i n  3.3 has a l so  shown, 
ences a t  constant fue l  flow a lso  a f fec t  the related fue l  pressuree Because 

the higher the temperatme and thus -the spec i f ic  volume, the higher m u s t  be 

the corresponding pressure i n  order to  obtain khe same f l o w  a t  constant fuel  

On the average, the f i n a l  temperatures 

On the other hand, small temperature d i f f e r -  
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jet openings, 
the fuel flow conk01 usede 
the pressure is a function of the rate of rotation and the fuel column 
in the rotorp 

This temperature-pressure dependence was determined from 
Because the fuel Galve is ahead of the rotos, 

It can also be seen from the diagrams that the'pressure drop in the 
heat exchanger system i s  slight, 
twelve percent, in spite of effective throttling points caused by flow 
reversal- This absolute loss i s  without great importance, however, with 
the pressure levels which are availableo 
pressure level, The pressure drop calculation, detained by consideration 
of the effects of tube flow, heat addition, centrifugal force, and throttling 
points was confirmed very well by the pressure measurements, 
ments were made under extreme conditions, It was also confinned that there 
is no need at all to fear limitation of heat uptake ability in the heat 
exchange tube due to attainment of the local s d c  velocity in the flowing 
fuel - /F9 107- - 
maximal heat addition, with an input velocity of 3 m/s the velocity ahead 
of the injection jet was still not as high as 8 m/s4 

On the average, it was only about 

and is not dependent on the 

These measure- 

Under the most extreme, conditionso m a J r h u m  fuel flow and 

only in the jet 
orifices did the local sonic velocity of 165 m/s appear, 
capacity of the orifices3 

limiting the 
that iso the maximal flow was reached. 

4,2 Evaluation of Fuel Prevaporization in the Vapar Pressure Diagram 
I 

In the vapor pressure diagram explained in 2-4 the conditions in 
fuel prevaporization can be studied intensively, and their development 
can be followed clearly, 
gasoline used in the tests is shown in Figure 19, 
is shown for the measuring points I - V for the three fuel flows, 
corresponding to the experimental results6 
the injection jet the final temperature has been reached, 
the discharge leads to a counterpressurerr 
ditions, this is between 0,5 and 1,5 a b s  absP 

case of maximum fuel flow of 90 kp/hr (line a) with a final temperature of 
315OC and a pressure of 57 kp/cm e 

34 

Such a diagram for the standard automobile 
The course of heatfig - /46 

At measuring point I ahead of 
from which 

Depending on the Qperating con- 
Eet us consider first the 
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As already mentioned i n  2,5, it is not pract ical  for  this investigation 

t o  determine the actual expansion courser as done here, to  
establish the possible range of expansion conditions through the isentropy 

and i f  necessary, a l so  by the isenthalpy, 

curves was determined from the corresponding state diagrams i n  Figures 

4 and 5, These curves, which diverge a t  r i gh t  angles i n  the enthalpy- 

entropy diagram? are here first close together,. and then diverge, enclosing 

a wedge, 

on the shape of the injection jet ,  The plotted isentropy, which i n  this 
pT diagram on a distorted scale  (abscissa 1/T, ordinate log p> slmilarly 

follows nearly a s t r a igh t  l ine,  crosses only the hot vapor region while 

coming out frm the supercr i t ical  region. 

ensured f o r  the expanding fuel,  because the actual eyansion curve m u s t  
i n  every case f a l l  t o  the  r igh t  of t h i s  adiabatic curvee The isentropy 

It is bet ter ,  

The course of these limiting 

Now the actual expansion curve lies Within t h i s  wedge, depending 

Thus the hot vapor phase is 

can thus be considered as i f  it were a t'criterion with certainty" for the 

vaporization process ,, 
75 kp/hr and the f i n a l  state t = 29OoC, 
much the same, 

In the s e c w d  case also ( l i ne  b) * w i t h  a flow of 
2 

p = 44 kp/cm the behavior is 

In  the l a s t  case ( l i ne  c) the heating is a t  subcri t ical  pressure, and 

the fue l  state passes through the two-phase region below the critical 

point, 

taneauslyt w i t h  d i f fer ing c h d c a l  compositions, 

states gf individual hydrocarbon homologs are also present, 

There the l iquid q d  gaseous aggregate condition appears simul- 
The saturated vapar 

Because w e  made f o r  this study the  simplifying assumpwon that 

with we would treat  t h i s  gasoline as i f  it w e r e  a single m a t e r i a l ,  

its phase diagram based on the mean m o l a r  boiling temperature, these 

saturated vapor s t a t e s  i n  the present diagram l i e  an the line of the 

mean molar boiling temperature* 

The f i n a l  state of Q;his  heating process is n6 longer i n  the 

supercritical., but still i n  the superheated vapor region, 
expansion CbliCIte of orcainapY hydrocarban fuels cmok leavecp 

w h i c h  the 
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If the heating process passeslentirely through the two-phase regiono 

so t ha t  only hot vapor is present ahead of the inject ion jet ,  

nificant problems are tc? be expected i n  the  operation of the ramjet enginee 

If, on the other hand, this process ends i n  the two-phase region, then 

a f lameout  cannot be prevented, 

vapor bubbles are pushed together by the centrifugal' force in to  larger  

vapor bubbles f i l l i n g  the entire cross section of the channel. 

still more a t  the end of the heatingr 

a l ternately by l iquid and gaseous aggregates, 

supply immediately extinguishes the enginer 

the use of the engine i n  these tests considerably m o r e  d i f f i cu l t ,  Mare 

about this appears i n  4.5. 

no sig- 

If bubble boiling occurs9 the individua3. 

These grow 

Now if  the inject ion je t  is ttloaded'' 

the i r regular  fue l  

T h i s  condition has made 

A t  higher Mach numbers;the fue l  pressure increases automatically i n  

ro to r  operationr 

point f o r  expansion, and thus for the other &amion conditions. 

the chances far complete vaporization become poorer w i t h  increasing 

pressure (see a lso  2.61, 

excessively high pressures by a built- in thro t t le ,  

In our example, that m e a n s  a new position of the i n i t i a l  

Also, 

It might therefore be appropriate t o  reduce /48 

W i t h  the present c i rculat ion conditionso increase o f . t h e  peripheral 
2 velocity t o  Ma = 0-65 

one follows the isentropic expansion curve from this new pressure, 

w i t h  the temperature assumed t o  be the samez then for the first  caseO 

w h i c h  previously ran without any problem i n t o  the hot vapor region and 

which is now designated as at \ we have a completely new situation, 

brings w i t h  it a pressure of 180 kp/cm a Now if  
' 

, SI 
' \  

The isentropy curve two-phase region quite near the critical 
point, running d o y  the  mean m o l a r  boiling-temperature u n t i l  

it reaches the lower l imiting of the saturated vapor region (see 

the hot  vapor 

first passing 

From there on it\lbould, w i t h  the supposed s ingle  maderial, 
reg+n* Actually, howeverg, it reaches t h a t  

avas\the dew line, 

also Figure 4)* 
again appear in 

area only after 
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I n  the next case ( b s )  the conditions become still W Q S e e  The 

isentropic expansion ends i n  the two-phase region, 

expansion runs t o  the r i g h t  of t h a t  l i neo  the hot vapor condition could 

still  be attained, 

part of the two-phase region i n  which only a s l i g h t  portion of the 

extremely high boiling components are still not vapofized. 

But since the actual 

A t  the  least, the expansion curve arrives a t  t h a t  

The t h i r d  case 

(c0 no longer escapes from the central part of the two-phase region. 

\ 1 

\ 

' \  
To study fue l  vaporizatioq\\ under f l i g h t  conditions, the computer 

results of 3.3 were likewise coqverted i n t o  a vapor pressure diagram 

(Figure 201, The fue l  n-octand on which the calculation is based, 

is thus exchanged for the tes t  d ,  oline, 

be made readily, 

and the investigation is primaril$ldirected toward qual i ta t ive results, 

In this diagram, the s ignif icant  sdattering of the "chamber conditionst' 

of the €uel* 

T h i s  mental manipulation can 

because the tw& uels have similar physical behavior 
\ 

yf 
\ ,  

due to the operating parameters, is c lear ly  expressed., 

'> 
! \  

Contrary t o  the temporary assumptian i n  Figure 19, the computer 

result here shows that w i t h  increase of the peripherical velocity ther6 

is not only a pressure increase, but a simultaneous decrease.in the fue l  

temperature ahead of the inject ion nozzlep the s t a r t i ng  point That is, 
far expansion i n  the prevaporizatim process becomes less favorable with 

increasing Mach numbero not only through the;increase i n  fue l  pressure, 

but also through less heating of the  fuel. \\ 

The temperatures reached i n  the current example are en t i re ly  enough 

to provide one hundred percent fue l  vaporization af: the mixture richnesses 

of m = 0,7 t o  1-0 ,which primarily occur in Vkruising operation", a t  

any f l i g h t  a l t i t ude  and a t  any Mach nunbere 

mixture and higher peripheral veloci t ieso 

W i t h  lower richnesses of the  

one arrives a t  the two=-phase 

region after expansionst 

of re la t ive ly  short  durakion, such as star t ing,  idling, etcrO vaporization 

which is only p a r t i a l  can be accepted, 

Because this is a case of p a r t i a l  load, of 

especially as th* is a chance 
\ 



t h a t  the residue w i l l  be decreased on the way t o  and i n  the combustion 

chamber 

On the other hand, it is more important that under p a r t i a l  load 

conditions the "chamber condition" does not end i n  the two-phase region. 

As discussed abwe, this would lead t o  s ignif icant  perturbations in 
operation, This "free s ide  product" of ro tor  operation, the f u e l  

pressure) 

run w i t h  correspondingly low rates of rotat iont  this could be inadequate. 

is favorable i n  this caser For very barge rotors,  which 

4,3 Engine Size and Fuel Heating 

If we vary the size of a ramjet engine while maintaining the  

geometric proportions, 

the fue l  consumption., 

correct assumptian of constant th rus t  coefficient,  

consideration it can a l so  be said, 

amounts of heat transferred, change i n  the same degree& 

process, t h i s  m e a n s  t ha t  the fue l  temperature w i l l  remain the sameS 

the thrust changes i n  the same degree, as does 

Thus we may accept the simplifying, theoret ical ly  - / S O  

But fo r  this 

w i t h  suf f ic ien t  accuracy, t h a t  the 

For the heating 

within 

cer ta in  limits, 
the fue l  temperatureo 

therefore increase the specif ic  lengthp 

independent of the engine she- If one wishes to increase 

he m u s t  increase the heat exchange surface, and m u s t  

4-4 Liquid Fuels and Their Sui tab i l i ty  

for Prevaporization i n  the Ramjet Engine 

The maximum fue l  temperatures attained with the test engine are about 

350°C, W i t h  some improvements these could be raised t o  380 - 4OO0C, 
Lengthening the engine would pravide a fur ther  temperature increase5 

since it would make the engine more slenderp it is not acceptable for  a.blade 

t i p  engine on grounds of skeng th  and aerodynamic s t a b i l i t y e  !lke.refare 

a maximum fuel  temperature of only about 4OO0C can be attained in rotor 
operation 

but 
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Considering the fuel  temperature range determined i n  3,3 and required 

for  f l i gh t ,  

temperature of the fue l  t o  be used m u s t  not be much below 30OoCs 

liquid fuels  which can be considered f o r  a blade-tip ramjet engine with fuel  

prevaporization arep as can be seen from Figure 2, primarily automobile and 

aviation gasoline and perhaps a l so  the turbine fuel,= 4, 

diesel-like character such as JP 1 and JP 5 are not usable, 

for  s ta t ionary rotorsQ 

and the discussions i n  4,2, it becomes clear t h a t  the critical 

Thus the 

Fuels of more 

except perhaps 

Along with the thermodynamic bahavior, the chemical behavior of the 

f u e l s  i n  prevaporization m u s t  a l so  be considered- 

cracking might produce low-volatility components and so l id  carbon 

par t ic les  in the heat exchange channels, Actually, even a f t e r  long test - /51 
*operation, extremely thin, anthracite-black deposits af sol id  carbon 

par t ic les  and lead could be detected i n  the heat exchange tube of the 

secondary flameholder, which was heavily loaded thermally,, 

l i q u i d  depasits formedc 

i n  the engine cowling, 

reasons, remained completely clean up t o  the connection of the succeeding 

exchange spiral ,  

and i n  the inject ion nozzle they took on a whitish grey color. 

It had been f e a r e d  t h a t  

N o  viscous 

To the contrary, the surfaces of the channels 

which had been copper-plated for manufacturing 

The deposits appeared only from t h a t  point on&, Before 

In 4,6 
.there is a report  on their effect on operation ~f the enii.ne* 

Presumably the less vo la t i l e  fue ls  (JP 1, JP 4, and Jp 5) form mare 

deposits, 

sui ted f o r  prevapsrization i n i a  ramjet engine, 

This is one more reason why they are not par t icular ly  w e l l  

\ 
14 

4,5 Effect of the krei $revaporization on Combustion Chamber 

Temperature, me1 cambus 'on and Engine Thrust I) 
The combustion chamber tempkfature a t  cross section 3 of the ramjet 'V, 

engine is shown i n  Figure 2 1  as &\function of the f u e l  flow, 

ments w e r e  carried out far two veksions of the engine: 

engine with fue l  prevaporization as I n  Figure 

engine of Figure 32, 

The measure- !, 
first f o r  the 

33 and second for  the 
'\ 

i n  which the  {uel had t o  be used far cover cooling 
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(cooling of the brazing) 

and 18)- 

and w a s  thus prewarmed (see also Figures 17 

Comparison of the  combustion chamber temperatures a t  the various 

j e t  o r i f i ce  r a t i o s  shows tha t  the temperatures are signL#icantly higher 

(11-5 - 13,5%) w i t h  prevaporization than without+ 

s teadi ly  with'increasing fue l  c o n s m p ~ o n ,  

constant with the other engine, 

'mey hso climb 

w h i l e  they remain nearly 
, 

R e s u l t ;  With prevaporiaation, as W i t h  gaseous fue ls ,  the preparation 

time can be shortened, 

I n  the engine without prevaporization (only prewarming) a considerable 

portion of the fuel  burned only after leaving the engine, This is alsd 

the cause of the constant temperature of the combustion chamber i n  this 

caser 

and better and more timely combustion attained, 

These observations are reflected i n  the exhaust je t  of the two 

engine versions. 

presented i n  Figure 25. 

i n  the l e f t  column, 

The exposure time was the same f o r  a l l  photbgraphs, 

aperture 8, In one case, the background is shown, because the two nights 

w e r e  of d i f fe ren t  brightness* The f u e l  flow increases from-.top t o  bottomo, 

This is shown in the pictures made during night tests, 

The flame pictures without prevaporization are 

and those w i t h  prevaporization i n  the r igh t  column. 

15 seconds a t  

The exhaust j e t  may be described as follows: 

a) Flame picture  without fue l  prevaporization 

Iris-blue flame w i t h  a core about 2 L. 3 cm thick glowing yellow. 

very frayed With hooks bent forward aqid bright yellow/gloWing flecks, 
s i z e  and frequency of which increases With the f u e l  flow. 

Flame edges 

the 
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b) Flame picture with fuel prevaporization 

Iris-blue flame with dark blue, weakly glowing core the size of the 
nozzle exit. 
individual eruptions glowing bright yellowr 
is lessI r. 

Edges also strongly frayed with cumulus-like edges and 
The intensity of the flame 

The flame pictures should be amplified by the following comments: 
Blue flames are designated as not glowing. As a rule, they indicate 
good combustion, 
only gas radiation, 
water vapor, 

having no signif icaht incandescent radiation, but 
This is infrared radiation from carbon dioxide and 

Generally, a yellow glow in a hydrocarbon flame occurs only if 
there is insufficient oxygen directly available and the gas exceeds the 
decomposition temperature of its hydrocarbon components Without burning 
taking place, Therefore the combustion is generally more protracted in 
a glowing flame than in a non-luminous Oner 
can be a multiple of the pure gas radiationo 

Its radiation, however, 

With these facts in mind, therefore, the flame pictures also 

indicate more favorable combustion with fuel prevaporization, 

Considering the thrust measurements in Figures 26 and 27, one 
might conclude from the result that the fuel prevaporization diminishes 
the thrust yield- 
the previous considerations, is to be sought not in the different fuel 
supply but in the different shapes of the secondaqy flameholders in the 
two versions of the engineo 

The cause far this result, unexpected in view of 

- f53 

, 

The secondaq flameholder used for fuel heating in the engine of 
Figure 33, 

centrifugal force, 
small conical flame holder of the other version (Figure 321, 

with its tubing coil and the additional supports against 
obstructs the engine considerably more than the 

This 
I 
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greater obstruction means greater internal  resistance, 

the thrust  t o  an increased degree i n  such a small engineo 

flameholder, and the lower velocity i n  the combustion chamber because of 

it naturally result i n  be t t e r  combustion, 

chamber temperature and the mohe favorable flame picture cannot be ascribed 

solely t o  the vaporized fuel*, '(, 

which affects  

The larger  

so t h a t  the higher combustion 

I 

\I 
The less favorable second flameholder m u s t  not be interpreted a s  

a disadvantage of fue l  because it is easi ly  possible 

t o  have pa r t  of the heat exchangd$completed therein occur elsewhere,' For 
example, the engine nozzle or  the:$rimary flameholder could be used, 

Insulation of the outside of the cbkling would also have a very good effect 

on heating, 

exchange channels improves the heat kransfer coeff ic ient  

number R e )  

course of t h i s  worke 

\ 

as mentioned i n  3 t 3 ,  ' v so ,  increased fue l  velocity i n  the 
\ 

et via  the Reynolds 

but changes i n  tha t  respect could not be performed i n  the 

O f  the th rus t  attained, it m u s t  be said t h a t  it does not represent 

the absolute optimum, since the engine i n  its rotat ion must work i n  an 

atmosphere contaminated by its exhaustr 

are under discussion3 

\ 

Some+improvements f o r  the engine 

they would a l so  have a dosi t ive effect on the  thrust ,  

It is interest ing t o  compare the combustion chamber temperature curves 
with the tkrust curves (Figures 2 1  and 261, 

i n  both engine versi'ons c lear ly  shows the theoret ical ly  based re la t ion  

between the cambustion'chamber temperature, the j e t  vqlocity, and the  

thrust ,  

The s imi la r i ty  of the curves 

In  Figures 28 and 29 the efficiency curves are recalculated t o  the 

CINA (Commission Internationale d e  Navigation Adrienne) cbnditions 

The formulas used are contained i n  the table  of abbreviations, 

The curves presented i n  Figure 30 serve to  determine the optimum 

j e t  o r i f i ce  ra t io ,  The experimental curves contradict  the theory, which 
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predicts greater a i r  flow and thus greater thrust w i t h  increasing o r i f i ce  - 155 

r a t ioa  

arguments would be too extensive hereb 

Discussion of the many-layered and not en t i re ly  comprehensible 

4,6 Control of the Fuel Suppl? 

The fue l  supply is regulated by a ba l l  valve mounted on the mast holding . 

the rotat ing arm. 
desk, 

a t  the engine is dependent on the r a t e  of rotat ion of the ro to r  and on 

the fue l  column present i n  the rotor. 

The valve can be remotely controlled from the control 

Because the valve is upstream from the rotor ,  the fue l  pressure 

This type of control gave several problems: Because the inject ion 

nozzle and its position w i t h  respect to  the igni t ion spark w e r e  not 

w e l l  sui ted for s ta r t ing ,  

a t  an appropriate point f o r  i n i t i a l  ignit ion* 

the igni t ion had t o  occur a t  180 RPM ( u = 56 m / s  

propane gas was introduced i n t o  the engine 

For the engine t o  start, 

at. the l a t e s t ,  If 

the fue l  valve was opened a t  the beginning of combustion, the f u e l  flowed 

i n t o  the heat exchangerp which had been preheated by the propane flame- 

There it immediately began t o  vaporize, 

forced the gasoline back in to  the rot& again u n t i l  equilibrium between 

vapor pressure and external pressure was reached* Only as much gasoline 

as  could be forced through the fue l  je t  i n  the form of vapor c o k d  flow- 

Furthermore, the en t i r e  liquid-vapor system began t o  osc i l la te ,  

flowmeter f l o a t  showedD 

increase in the rate of rotation, 

w a s  l e t  i n t o  the rotor,  

b u i l t  up, I n  addition, the engine stopped a t  higher rotat ional  r a t e s  

because of insuf f ic ien t  fuel'supply, 

and the resul t ing vapor pressure 
1 

as the 

Only ra re ly  was the s i tua t ion  improved by an 

because simply not enough gasoline 

and no corresponding outward pressure could be 

If gasoline w a s  supplied to the engine even before ignit ion,  it 
was possible t o  overcome the vapor pressure building up with cambustion 

and t o  s t a r t  the fue l  f l o w ,  Now, since the outward pressure had not 
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yet  reached the c r i t i c a l  pressure, 

were not separated from the fue l  injection jet, 

i f  the propane gas supply was cu t  off too soone 

if bubble boiling s ta r ted  and the bubbles 

the engine died immediately, 

Cut off too late, the gas 

blowing i n  f r o m  the side distorted the flame so strongly t h a t  the engine . . .  - 
again dieda 

The engine could only be s ta r ted  acceptably w i t h  the following procedure: 

The rotat ing arm was brought up t o  the speed a t  which igni t ion could  occur^ 

Then the fue l  valve had t o  be opened completely, so t h a t  the l i n e  i n  the 

rotor  was f u l l  of gasoline and the pressure was maximal. 

the engine ignited w i t h  propane gas* 

was quickly accelerated, so tha t  the fue l  reached the critical pressure 

as rapidly as  possible. But the fue l  supply must a l so  be throt t led,  

because otherwise the fuel  supply would have been too high because of 

the increasing pressure, and the excess fue l  would have k i l l e d  the engine. 

Also during this time the propane gas had t o  be turned off again, 

the control could be regulated up and down within cer ta in  l i m i t s ,  because 

the bubbles coming from the contra1 valve condensed again w i t h  increasing 

Only then was 

If combustion s tar ted,  the rotat ion 

Afterward, 

pres sure ., 

All these problems can be avoided if  the fue l  flow control is moved 

t o  the inject ion nozzle, 

rotor  is f u l l  of fue l ,  -and &E$ pressure is only a function of the rotat ional  

i 

\ 

The3 a t  any control position the l i n e  i n  the 

rate (see Figure 23)0 W i t h  ro tors ,  of course, the control can be 

omitted en t i r e ly  arid the inject ion j e t  can be designed f o r  a 

definite, constant operatione 

As already discussed i n  4*4$;, carbon and lead deposits appear as a 

whitish grey layer i n  the injection nozzle and of course i n  the l i ne  

ahead of it, 
by mechanical meansB 

i n  the inject ion je t ,  

this, the valve m u s t  be opened further* 

becomes s teadi ly  smallerp becaw'e the local sonic velocity sets i n  earlier 

a f t e r  long operation:% These deposits can be removed eas i ly  
\ !  

They cause a gradual llgrowthl* of the f ine  or i f ices  

In order t o  achieve the same fue l  flow i n  s p i t e  of 

But the maximum fue l  flow 
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due t o  the or i f ices  becoming smallere 

This problem can a l so  be counteracted w i t h  an appropriately designed 

regulatable injection jet, 

starter jet ,  

such engines* 

This could also take on the function of a 

because propane ';.an not be considered f o r  pract ical  use of 
I +. 

t $  
' I  

' \  
4-7 Effect of the Jet  on the Fuel Temperature , 

The effect of the on combustion and thus a l so  on .the fue l  

temperature can be seen The measurements f o r  this simple 
\ 

variation c lear ly  show how import%t the  design and arrangement of the je t  

are far combustion, A f i n e  dis t r ibut ion over the ent i re  f resh a i r  stream 
\ is especially necessary f o r  gaseous,ior prevaporized fuels. 

l iquid fue l  i n  combination with turbulence nozzles are more advantageous6 

The individual fue l  droplets, 

of the centrifugal force9 

greater mixing than w i t h  gaseous fuels, 

I n  t h i s  respect, 

because of t h e i r  greater  mass and becake  

are much m o r e  exposed, which leads t o  far 

\ 

The farm and position of the in j ec t ion ' j e t s  make up one of the most 

d i f f i c u l t  problems f o r  ram3 e t  engines working \\under centrifugal force I 

Long development with many tests is necessary here i n  order to arr ive a t  an 
optimum, 

4*8 Distribution of the Combustion G a s  Temperature 

&TOSS 'the Combustion Chamber C r o s s * ~ e c t i o n  * 

Calculation of the heat exchange presupposes knowledge of the wall 

temperatures in the combustion chamber, 

\ 
I 

Although the effect of centrifugal force on the thrust of ramjet 

engines has been investigated extensively elsewhere, pr iniFi ly  i n  America * 

- /7l9 lL7, no experience could be found on the dist r ibut ion of the 
combustion gas temperatures across the cambustion chamber cross section under 

centrifugal forcep, 
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Figure 22,shows the experimental values determined a t  section 3 of the 

ramjet engine, i n  the plane of the rotore  As expected, the m a x i m u m  

temperatures are displaced toward the outside w a l l  i n  the direction of 

the centrifugal force. 

ins ide  w a l l  w a s  surprising. 

Even so, the strong temperature drop a t  the 

a' 

It is interest ing t o  note how the temperature'cuwe is ref lected i n  the 

flame tracing on the inner w a l l  of the engine nozzle. 

combustion gas residues made t h i s  photograph possible, 

Deposition of 
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5, ~ERIi"EWAJL EQUIPMENT 
I 

IJ 
' \ d  

5 , l !  R a m j e t  Engine 

\\ 
$ 5 *l*l General 

\ :, , 

When the  engines needed f o r  be tests w e r e  designed and b u i l t ,  
I \  

only theoret ical  tables  on superso& ramjet engines were available 

/-13'7, 

the  country, 

still  subject t o  mi l i ta ry  secrecy, 

developed, 

'> 
Broader foundations could not be obtained either i n  o r  out  of - -  

The re su l t s  which had'peen obtained up t o  this time w e r e  . 
Thus the engine itself had t o  be 

a t  some cos t  i n  time, 4 

Aside from the cent ra l  problem of fue l  prevaporization, there  w e r e  

many far more d i f f i c u l t  problems, 

importance f o r  the functioning of the engine; 

design of the collecting diffusor,  

mixture, development of the fue l  inject ion jets,  

(due t o  the enormously high centrifugal forces) ,  

cross-sectional r a t i o s  f o r  the intake, combustion 'chamber, and nozzle, 

and deviation of the, actual  engine parameters and efficiency values from 

the  theoret ical  statements a t  hand, 

the solutions of which w e r e  of decisive 

f o r  example: 

flameholdiTg, igni t ion of the air-fuel 

strength problems 

material problems, 

Although the advantages of f l a t  engines (oblong, oval cross section) 

for blade-tip drive w e r e  w e l l  known Wi th  respect t o  combustion technology, 

the development w a s  carr ied out only f o r  engines of cir&ar cross sectiono 

This w a s  because of manufacturing reasonse 
\ 

, 
The most impartant development s tages  are shown in Figure 31+ 



5,1,2 Engine Design 

"he engine developed and used f o r  the experiments consisted of three 

camponeats which jained together$ col lector  diffusor, central  section, 

nozzle (Figures 32, 33, and 35)- 
, 

The dimensions and character is t ic  data are: outside diameter 130 m; - /.60 
maximum length 500 m; The theoretical  gross thrust 

w a s  20 k p ,  and the at ta inable  gross thrust about 15 kp ( th rus t  coeff ic ient  

c = 0.75 csth), These values are f o r  an incident flow velocity of 230 m/s 
a t  0 km a l t i t ude  and a mixture richness of m = I. 

weight, about 4,5 kp. 

S '  

R a m j e t s  f o r  ro tor  drive require a wide control range, Thus the 
5 f 

diffusor used here is 'designed as a col lector  diffusor,  

adjusts for changed input conditions, 

r a t i o  F /F 

Considered s k i c t l y ,  it is b u i l t  as an intermediate form of intake and 

collector diffWQr, 

below), 

i n  reference -- /w/ (see a lso  ~T4-ia7~ - 

which automatically 

so that it controls the proper area 

of the undisturbed flow Over a re la t ive ly  wide range of variation, 1 2  

so that the dhensians can be kept smaller (see Figure 

The calculation is based on the experience of the NACA reported -- 

The diffusor portion is composed of twa rotaCionalbodies of alLrminum, 

turned from a so l id  piecep 

Comparison of a pure col lector  

diffusor w i t h  a combined diffusor  

(intermediate form of intake and 

col lector  diffuser) a t  the same 

aerodynamic stress on the out= 

surface* 
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The cylindrical  senter  section of the engine consists of an inner 

and an outer cowling (material CK 35) d t h  a t o t a l  w a l l  thickness of only 

6 mm,, 
4 mm deep, w i t h  a pitch of 5 mm, 

plated w i t h  a 20-micrmeter layer of copper, 

under a protective gas (Figure 34). 

likewise under a protective gas, w e r e  brazed i n  a box oven, Only a f t e r  /61 
t ha t  could the engine supports of 25CrMo4 be welded t o  the outer cowling, 

Several attempts t o  do this earlier fai led,  

seal because of the one-sided stress conditions during brazing, 

I n  the inner cowling a he l ica l  s l o t  has bee; m i l l e d  4 mm wide and 

The outer cowling, previously electro- 

w a s  shrunk onto the inner one 

After the shirk f i t t i n g  both parkst 

The double mantle did not 

The engine nozzle, with a circular arc contour, w a s  pressed from 

deep-drawing sheet  1 m m  thick, 

The flameholders (Figures 36 and 37) required extensive and tedious 

experiments; 

flameholder planes. 

they showed t h a t  the best  results w e r e  obtained with two 

The test enghe has a star flameholder (material 

Nimonic 75), 

the engine version of Figure 33r the secondary flameholder is designed 

as a heat exchanger, 

which is followed by a conical s e c o n d w  flameholder, In 

5*2 Rotating Arm T e s t  Stand 

5*2*1 General 

The ramjet engine was  t o  be run under operating conditions, 

The rotat ing a r m  test stand appeared to be the most economical equipment 

f o r  the purpose, 

rotors was rebuilt i n t o  this configuration, 

A n  existing small rotat ing a m  f o r  helicopter model 

I n  doing soo it w a s  necessary 

. t o  make allowances f o r  many approaches which w e r e  not e n h r e l y  sat isfactory 

in view of the design (Figure 381, 
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5,2,2 Construction 

The ro to r  of the rotat ing arm is  composed of three par ts t  ro tor  

central  section, long ro to r  arm, and shor t  rotor ann, 
I! 

The ro to r  arms are of glass  f ibe r  plast ic ,  mi; construction w i k \  

g lass  f ibe r  rovings w a s  immediately obvious f o r  the pred-antly uniaxial 

stress f i e l d  produced by 'centr i fugal  farce (L500 21, 227)'. Because of the 

high strength of glass  fiber, w i t h  respect t o  its weight, it was possible 

to build the ro to r  arms l i g h t  and slender, 

Two half-shells on a supporting Stymfoam 

The fue l  supply a t  t h e  ends of the  arms arm, 
the  €fGtter-H"anle procedure, 

I n  order t ha t  the long rotor blade w i t h  a 

it was necessary that aerodynamic s t ab i l i t y ,  

core joined t o  make a ro to r  

was throug loop gaskets as i n  t \ 

NACA 0014 prozi le  could r e t a in  

the center of gravity, referred 

t o  the blade depth, bebroughtforward a t  least to  the t/4 l ine,  For this 

purpose a bare copper wire 9 mm thick was  embedded i n  the leading edge of 

the blade for the full Length of the blade, Similarly, both the fue l  and 

measuring l ines  w e r e  moved as 'far forward i n  the blade as possible. 

A center section of 25CrMo4 (Figure 39) a t  the outside flange of the 

long ro to r  arm is d iv is ib le  in the horizontal planec 

is attached by m e a n s  of a tongue and groove connection and four special  

Here the engine 

shear s c r e w s b  

a.rm, 

values of resistance (Figures 40 and 411, 

(a turned and welded pa r t  of CK 35) is s d - g i m b a l  mounted (see Figure 401, 

One degree of freedomo 

balanced s t a t i c a l l y  w i t h o u t  taking it off the toweru 

freedom, in the horizontal  plane, is necessary far the measurement of 

ro ta t iona l  mments w i t h  the pressure gauge mounted on the center sectione 

The balancing weight is screwed on to the short  ro to r  

It houses an air brake, which allows loading the engine w i t h  known 

The center  segment of the ro to r  

in the vertical direction, allows the  ro tor  t o  be 

The other degree of 
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The ro tor  weight and the forces which appear i n  operatian are 

carried on the tower heado 

power via three V-be l t s  and a Borg-Warner free-wheeling mount fran a 

3a5 kW electric motorr 

This rests on a neck groove, It gets  its 

5,2,3 Technical Data d 

1, Dimensions 

circrular path of the engine R = 3 m 
Circular path of the balancing weight 

Rotor plane abave ground 

R = l m  

2.0 m 

2, Rotor designed f o r  u = 0.9 M a  2 300 m/second, w i t h  

n = 955 RPM, u = 100 l/s a t  a maximum engine weight of 5 kpa 

3d Braking power of the air brake on the balancing weight, 

30 mkp a t  n = 955 RPM; %rake = 100 m/second* Actuation 
of the a i r  brake by R o t a x  l i nea r  actuatox A O90l/Le 

actuation load 114 kp; mtaximUm actuation load 180 kp; static 

load 450 kp. 

28 volt ,  3.5 amp,; positioning speed 5,O an/7 seconds. 

Normal 

4, E l e c t r i c  drive motor N = 3.5 kW 

Power f o r  running a t  n = 318 RPM, N = 3&36 kWe 

velocity a t  the engine then u = 100 m/second& 

Perl;pheral 

5,3 Fuel System 

The fuel system f o r  the rotat ing arm tes t  stand is designed for 

various test poss ib i l i t i es ,  

engine separately and simultaneously, 

l iguid fuel  (e, g,, gasoline) and propane gast 

proved extremely useful; 

Two types of fuelaqeintroduced i n t o  the  

This was intended f o r  the use of 

a precaution which later 

only i n  this way could the problems of i n i t i a l  

igni t ion by. introduction of propane gas be eliminatedo 
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The l i q u i d  fuel w a s  force? from a standard commercial drum t o  the 

It level  of the ro tor  by excess piessure (produced w i t h  a hand pump)0 

passed through a cutoff valve,'\the fue l  flow m e t e r ,  
I \  

and, on the tubular pole, 

a f ine filter (Figure 42)* e 44 shows the t rans i t ion  from the fixed fi 
t o  the ra ta t ing  p a r i  of the head, sealed w i t h  retaining r ingso 

r' 

The des i r ed  f u e l  flow was ted w i t h  a b a l l  cock, which was 

fastened t o  the tower pole and r a o t e l y  contrdlled frm the control 

desk w i t h  a f lex ib le  cable, 

!, 
The propane gas l i n e  ran para l le l  t o  the gasoline line. The gas, 

was taken from a bo t t l e  i n  
4 

under a pressure of about 6 atme (gauge), 

the l iquid phase- 

available without ic ing up the l ines  and f i t t i ngs ,  the gas battle was 

followed by an e l ec t r i ca l ly  heated vaporizer w i t h  with an output per liter' 
of 24 kp/hr, 

So that the large amounts needed would always be 

\ 

The f l o w  or pressure could be regulated as needed w i t h  two 
presswe reducing valves (Figure 43)* \\ 

5-4 Ignition System , 
1 

The quite difficult problem of s-karking the engine was solved w i t h  

a- high voltage spark system. 

From a DC source, a low voltage l i n e  led  through the igni t ion 

push-button t o  a Bosch vibrator  ZS/VA 2411 mounted on the tower head, 

It is supplied w i t h  24 volts and provides a high voltage igni t ion current 

a t  about 15,000 volts,  

par t  of the tower head can be seen i n  Figure 44, 

mentioned i n  5,2,2$ 

high voltage igni t ion current to the spark plug, 

Transmission of the d i r e c t  current t o  the rotat ing 

The copper,cable 

i n  the rotor leading edge, also serves t o  conduct the 

The special  requirements of the ramjet engine slowed the development 

of a special  spark plug (Figure 35ja 

problem, 

The Beru ccmpany took on t h i s  

The insulator  required special  attention$ because there w a s  no' . 
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experience indicating whether such an indicator would be strong enough 

under high acceleratione 

The plug weighs only 7 grams. The unusual length of its center 

electrode is s t r iking,  

spark a t  different positions of the engine cross sec'uon, 

cer ta in  rangep 

It allows the experimental placement of the 

Within a 

A s  already mentioned in 5*1.2, the en t i r e  center lpar t  of the engine 

makes up a heat exchanger, 

ahead of or behind the central  section. 

It allowed placing the igni t ion spark in the stationary turbulence zone 

behind the flameholder, 

so t h a t  the spark plug could be inserted only 

The first poss ib i l i ty  w a s  chosen. 

where the flow velocity of the ab- fue l  mixture -- 
' is small o r  even zero /23/, Because the c h d c a l  reaction f o r  production -- 

of a flame requires a cer ta in  residence time f o r  the &-fuel mixture, 

such zones form the best provision f o r  ignition, 

t ha t  the flameholder is able t o  maintain the flame i n  the combustion space. 

They are also 'the reason 

If the cold engine is star ted,  the fue l  leaves the inject ion jet, 

which is designed for vaporizing operation, 

heat exchange has not y e t  taken place, 

i n  l q e  dropso, 

i n i t i a l  igni t ion considerably more d i f f i c u l t ,  

without extensive s t a r t i n g  jet development, 

ini t ia l .  ignition, 

burn spontaneouslya 

time I* 

i n  the l i q u i d  f o m t  because 

The expanding fue l  je t  i s  a t  first 

It m i x e s  very poorly w i t h  the f resh  air, and m a k e s  the 

I n  order t o  avoid this problem 

propane gas was used far the  

it continues t o  Once the &-fuel mixture is ignited, 

The spark need not be maintained far the entire burning 

5,5 Control i&d Monitoring System 

-i. / 6  5 

A multilayer protective shield separates the conkml desk ;From the 

rotat ing arm test stand, 
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The e l ec t r i ca l  monitoring and control equipment is collected a t  the 

l e f t  s ide of the control desk, 

on and beside the desk (Figure 421, 

The fue l  control system is to the right,  

A linear potentiometert d r i ien  by the aLr brake positioning motor, - 166 
provides voltage division dependent on the position& This is read out  

by a voltmeter having an indicator w h i c h  passes through an angle of 90 

according t o  the leaves of the a i r  brake, 

through the measuring s l i p  ring (Figure 46) f r o m  a 1 2  v o l t  DC sourcee 

0 

The potentiometer is supplied 

The positioning motor is controlled w i t h  t w o  push-buktons, one 

each fo r  *(opentl and "closetl. 

(Figure 44)- The positioning speed, or the time far full extension, is 
7 seconds a t  28 volts supplyp 

The necessary s l ipr ings are i n  the tower head 

The time can be increased, slowing the posikLoning, by lowering 

the voltage (at  m a s t  13 volts), 

5*6 Centrifugal T e s t  Stand far Miniature Pressure Gauges 

The extreme CQnditiOnS under which the fue l  pressure measurement a t  
\ 

the engine m u s t  be made requiqed the development of miniature pressure 

gauges, as explained i n  6,5,$ They are designated br ie f ly  as MD gauges,, 
\ 

' \  
$ 

The effect of ,cent r i fuga l ,  orce on these transducers and on their \\ 
reading could be studied by m e d t s  of a 6kW t e s t  stand b u i l t  for the 

purpose, 

of 5,000 g, 

\I 'I 
It allowed exposure of$,the MD gauges tu a m a x i m u m  acceleration 

Figures 6 1  and 62 SH,QW the construction of the test stand 
1, 9 

' and the positioning of the ttsampl&Ttr 

\ 

A steel tube, connected t o  the 'h gauge, is inset i n t o  the f ron t  

of the long r o t a  portion, 

different  spec i f ic  gravitye 

which depends on the centrifugal force and which Can be @alcIdated 

This tube can be f i l l e d  w i t h  limds of 
e 

A t  the MD gauge, these produce a pressure 
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exactly, 

calibrated MD gauge can be determined from the difference between the 

calculated and indicated valuesa Alcohol ( = 0,7894 kp/& ) a d  

manometer sealing l iquids  (bromides) ( - /.67 
3-0 kp/& 1, It is possible t o  obtain different  pressures a t  the same 

The ef fec t  of a def in i te  acceleration on the s t a t i c a l l y  

3 

3 

ro ta t iona l  r a t e  far the rotor. , '\ 

A magnetic inductive pickup reads the rate of ro ta t ian  5rom a d i s c  

f i t t e d  w i t h  six permanent magnets, 

frequency counter. 

the s t r a in  i n  the two MD gauge membranes. 

bridge is also wed. 

simultaneously by a pr intex (Figure 61). ' 

and indicates it on an electronic  

A carrier-frequency measuring bridge indicates 

Unbalance of a Wheatstone 

R a t e  of ro t a t i an  and strain are then printed 
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6, MEASUFUNG TE-QUE 

6 , l  Fuel Flow Measurement 

The fue l  flow is indicated by a flowmeter working on the f loat ing 

element principle (Figure 43). 

fue l  flow is engraved on the  replacable measuring tube, 

can be read from a cal ibrat ion curve which depends on #e matezdd 
character is t ics  e 

A scale of percentage of the m a x i m u m  

me t rue  flow 

6,2 Rotational Rate Measurement 

The rate of ro ta t ian  for the  spinning-arm ro tor  w+s determined 

i n  two waysr 

a t  the control desk, 

frequency caunter for  the measuring and recording system, 

with a photoelectric tachometer for rUnning surveillance 

and w i t h  a magnetic-inductivdy controlled 

The impulses required for both measurements of rbtat ional  rate come 

f r o m  an aluminum r ing screwed t o  the turntable a t  the b w e r  head, 

r ing is divided by black segments h t a  100 light-dark f i e l d s ,  

provided w i t h  60 permanent magnets (Figure 45). 

This 

and i s  

The magnetic inductive pickup, a c o i l  w i t h  a s o f t  iron core,, 

f e e d s  the impulses produced by the magnets i n t o  an electrwdc frequency 

counterp 

and not en t i re ly  w e l l  defined pulses f r o m  the pickup in to  square pulses 

which are then reliably read by the countere 

counter allows the rate of rotat ion t o  be printed out  along w i t h  other 
experimental values of intweSte (Figures 48, 49, and 501, 

A Schmitt t r igger  connected between the two forms the sharp 

A p r in t e r  connected t o  the 

6 ~ 3  Thrust Measurement 

"he engine thrust w a s  measured w i t h  deceleration testsl %e moment 

f o r  the en t i r e  ro tor  ann, which was needed f o r  t h i s  measurement, 
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was d e t e d n e d  experimentally (Figure 511, 

Another measuring system provided a considerably more convenient 

determination of the rotat ional  moment up t o  the maximum rate of 

rotat ion f o r  the engine. 

i n  because of the shaft-less construction of the tower head, 

which was followed f o r  the solution is shown i n  Figure 47, 

force gauge (measuring range 50 kp or  500 kp) 

center section, 100 mm from the center of rotation, i n  tension, t o  be sure, 

but replaceable. 

An ordinary torsiometer could not be b u i l t  

The path 

An inductive 

is supported on the ro to r  

The rotor,  which is movable about the ve r t i ca l  axis ,  

can be adjusted over the force gauge w i t h  t w o  adjusting screws on the 

rotatable  tower heado Because the force gauge can be mounted i n  reverse; 
it is possible with t h i s  arrangement t o  transmit the  reaction forces 

i n  both directions between the\rotor  arm and the warking elements running 

w i t h  it through the gauge, and t o  measure them, 
t ' i  
'i 

It is also p o s a b l e  t o  mea'&e, up t o  the m a x i m u m  druve speed, "i, the turning moment of the ro tor  %t any time, Thus i t s  air resistance, 

as w e l l  as  the braking force of dfe drive elements, can be determined, 

For determination of the effect od,(centrifugal farce on the indication 

of the force gauge, it was mounted so that during acceleration of the 

arm it is free of transmission forces, 

force, 

a rotary force m e t e r ,  

ro ta t ional  moment measuring systan could be set up, 

\ I  

and is subject only t o  centrifugal '% 
Together with the s t a t i c  c a l h r a t i o n ,  performed on the ann w i t h  

a corresponding cal ibrat ion protocol f o r  the 

"he signals from these pickups are recorded by a caxrier-frequency 

measuring bridge, 

out together w i t h  the related rotat ional  rates', 

converted by an analog-digctal converter, and printed 

(Figures 48, 49, and 501, 
\? 

A power m e t e r  w a s  used f o r  repeated checks of the  thrust measurements, 

W i t h  it, the e l ec t r i ca l  power used by the drive motor could be determined 

exactly (Figure 54)* 

a water-turbulence brake test stand, 

From the power diagram of the motoro measured on 

the power produced could, be determinede 
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The values determined i n  this way confirmed the accuracy of we preceding 

measurements (Figure 52 1 

6-4 Temperature Measurement 

i 
Miniature sheathed thermocouples m e a s u r e  the tehperakures a t  the 

ramjet engine (Figure 391, ‘These elements, because of t h e i r  good 

mechanical strength and the small dimensions of the temperahre sensorso 

prove par t icu lar ly  useful a t  the  prevailing high acceleration forcesI 

Furthermore, t h e i r  heat res is tance and their complete insens i t iv i ty  toward 

external influences such as pressure, humidity, and c h d c a l  corrosion 

satisfy t h e  requirementst 

Sheathed Qlromel/Alumel thermocouples measure the f u e l  temperatures 

a t  the ramjet engine. 

extends from -2OOOC t o  +900°C (depending on the  sheath material and 

diameter). 

were often changes a t  shor t  notice,  the mhermowire (1 mm thick) w a s  

obtained i n  lengths, and the individual leads welded together and sealed 

pressure-tight as neededr Figure 53 shows the  measuring heads, designed 

as s c r e w  caps, 

pressure-tight i n t o  the measuring pointsl 

before its emergence from the in jec t ion  je t  was likewise measured w i t h  

the temperature-measuring orifices i l l u s t r a t e d  i n  Figure 53, 

The temperature response range of these elements 

In  order t o  meet the requirements f o r  measuring points,  which 

-__ 

w i t h  which the hard-brazed thermoelements can be introduced 

IChe f u e l  temperature d i r ec t ly  

A t  the end of the central p a r t  of the engine, a movable sheathed 

platinum-rhodium/platinum thermocouple can be introduced through a special  

s c r e w  f i t t i n g  (Figures 39 and 531, 

gas temperature and of t he  temperature p ro f i l e  acrass the inside diameter 

of the  engine, 

w i t h  the m a t e r i a l  platinum 

time to  1,60OoCs 

It allows measurement of the combustion 

The temperature response range of the’thermocouple, sheathed 

10% xhodium, goes up to 1,4OO0C and far a shor t  



The thermal potentials are conducted through compensating l ines  and 

An electronic 
- /.71 

the measuring s l i p  ring t o  the analog-digital convertere 

amplifier increases the potentials of the Chromel/Alumel thermocouples 

t o  the extent that the temperatures of the measuring points can be 

read on the visual indicator of the analog-digital converter, or 

printed out by the pr inter ,  d i rec t ly  i n  ‘CI 
of the points w i t h  the platinum-rhodium/platinum thennocouple m u s t  be 

determined from the amplified and recarded potentials by m e a n s  of the 

thermocouple cal ibrat ion l ine,  

Howevd, the temperatures 

For both elements, the temperature of the cold junction w a s  also 
cansidered, 

6.5 F’uel Pressure Measurement 

6-5.1 General 

Because of the position of the fue l  pressure measuring points 

on the ramjet engine i n  a rotating system, 

a l l  the poss ib i l i t i es  far pressure measurement, can be considered, 

measure the fue l  pressure (mechanical quantity) arld produce e l ec t r i ca l  

analog valuesr 

signal from the rotat ing syskem t o  the recording equipment, 

only transducers, out of 

They 

i 

It is then rei,atively simple t o  transmit the electricdl 
I ’  

‘1 
11 
$ 1  

t i ,  

“he extreme cmdit ions to, hich pressure measurements are subjected 

a t  the engine place unusual dem%ds on the transducer: 

\\ 
a) 

engine connecting sect ion ,  

Because of the limited possXb$lities f o r  positioning within the 

the m&mm allowable dimensions are preset, 

The transducer m u s t  not be higher than 12 mmg and m u s t  not exceed 25 mm 
i n  diameter* h, 

b) 
be more than‘ 2% of the measuring’ rangeg That is, per  g it m u s t  not be 

A t  a t i p  acceleration of up to  2000 go  the erm indication should not 
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\ 
L72 - more than O,OOl%, 

of a f e w  milliseconds duration? 

runt 

But these high accelerations are not'shock impulses 

rather, they a c t  during the ent i re  test 

and affect the transducer through the complete measurement, 

c) 
arm m u s t  not affect the measurements* 

Temperature changes such as occur during operation on the rotat ing 

d) 

mechanical stress and deformation w i l l  r e m a h , w i t h i n  limits, 
The transducer m u s t  be compact, r igid,  and l i gh t ,  so that its 

e) The pickup should be simple, re l iable ,  and Universally attachable, 

These requirements made up the cr i te r ion  against which the offerings of 

firms i n  and out of the country w e r e  testedo 

using t h e i r  t raqducers  w e r e  investigated, 

s a t i s f i ed  the requirements, 

and the poss ib i l i ty  of 

But none of the pickups offered 
(1) 

There was neither time nor money t o  commission a special  developmento 

our own transducer w a s  developed within a f e w  weeks, 

requirements completely, 

w e r e  par t icular ly  complex and d i f f i c u l t  w i t h  respect t o  material and 

prdductiono 

Thus 

It m e t  the specif ic  

without containing measuring electronics which 

It could be produced with the m e a n s  a t  hand, 

The re su l t  of this development is shown i n  Figure 55, It is a 

miniature pressure gauge (MD gauge)& 

f o r  s i z e  comparison, 

The paper c l i p  beside it serves 

Independent of the pressure range? the outside 

dimensions are: heightp 1 1 m ;  diameter, 24 me The weight. is  only 

26 go 

("Hot unt i l  a year later  d i d  an American company market subminiature 
gauges with semiconductor strain gauges as the measuring elements, at a 
price of DM 2,000 - DM 3p000. 
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6,5,2 Measuring Principle 

The measuring pr inciple  of the MD gauge is based on the  elastic 
defomation of a so l id ly  clamped membrane by the force K i~ 

( A p = pressure difference a t  the m e m b r a n e  surface F)* 

6,5,3 Construction 

The transducer is designed as a double membrane, because the s l i g h t  

elastic deformation of a s ingle  membrane would have given too s m a l l  an 

output and because, 

necessary. 

It is made of two par t s  (material 16MnCr51, i n t o  each of which a membrane 

is screwed, These membrane-carrying rings are brazed together, pressure- 

t igh t ,  under a protective gasI 

considerable r i g i d i t y  because of the r e l a t ive ly  strong w a l l ,  

medium is conducted i n t o  the i n t e r i o r  of the gauge through a sect ion of 

tubing, which is a lso  brazed in place, Two disks permanently close of f  

the spaces with the  measuring elenlents outside the membranesc 

outer housing of the  MD gauge, two slots are providedo 

accepts a steel w i r e , w i t h  which the gauge is fastened at the measuring 

position, 

as is shown i n  6.5.5, a full bridge circuit w a s  

The construction of the MD gauge can be seen from Figure 55, 

The gauge housing so formed receives 

"he pressure 

I n  the 

each of which 

6,5,4 Measuring Element 

A s t r a i n  gauge is glued t o  the outer  center of each membrane of the 

MD gauge, 

pressure) act on the membrane TWO more strain 

gauges are applied t o  the inside of the  two gauge covers (Figure 551, 

The covers are of the same material as the membranes, so that w i t h  the 

same temperature of cover and membranep the gauges are exposed t o  the 

same temperature as a t  the measuring position, 

same temperature curve (resistance change of the  s t r a i n  gauge itself as 

a function of temperature)* 

s t r a i n  gauges car passive strain gauges)* 

It stretches,  as soon QS mechanical forces (l iquid o r  gas 

(active s t r a i n  gauges), 

Because they have the 

they are used far campensation (compensation 
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The four  act ive and passive s ' e a i n  gauges are connected i n  a f u l l  
\ 

Wheatstone bridge circuit (Figure 5!5Ie 

e f fec ts  of the diagonally opposite resistances add, 

of adjacent resistances counteract each other, 

gauge t o  increase the output signal and t o  compensate far the temperature 

effecto 

measuring s ignal  through the s l i p  r ing Without dis tor t ionr  

I n  this bridge circuit, the 

while the effect?  

This is used i n  the MD 

With the full bridge circuit it is a lso  possible t o  lead the 

Experiments w i t h  other bridge circuits w&e ent i re ly  unsatisfactory, 

6,5 -5 S t a t i c  Calibration 
! 

Static cal ibrat ion of the M D  gauges was pexformed by m e a n s  of the 

control desk of a strength tes t ing machine and of the pendelm dynamometer 

b u i l t  i n  f o r  force measurement, 

MD gauge, 
bridge 

The pressure w a s  applied i n  s teps  t o  the  

and the s t re tch  read out With a carrier frequency measuring 

\ 
\ 

The s t a t i c  ca l ibra t ion  curves of the MD gauges are shown i n  Figures 

56 and 57, 

6 ,5,6 Dynamic Calibration 

Basically, the MD gauges w e r e  tes ted on the centrifugal t e s t  stand 

described i n  5*6, w i t h  and without pressure loading, The ef fec t  of cen- 

t r i fuga l  force on the MD gauges was s tudied first without pressure loading, 

The t e s t  was extended up t o  5,000 g, 

of mechanical or  electrical l imi t s  w a s  detectedo, 

A t  this extreme peak load no indication - -  

The s t re tch  values recorded up t o  2,000 g, shown i n  Figures 56 and 57 

show strong hysteresis between acceleration as functions of the acceleration,, 

and runout, 

m a x i m u m  e r ror  was 1% of full scale,  

loading, the deviations of the s t re tches  fram the static cal ibrat ion w e r e  

s ignif icanUy strongero 

175 
but the grea tes t  s t re tches  indicated are very s l igh t ,  The 

o r  Oe0O05% per g, W i t h  pressure 

* 
because the effect of the centrifugal force an the 

62 
.. 



membrane whYch is  bulged out by the applied pressure, and so also on 

the deformed s t r a i n  gauges, is considerably greater  than on a plane 

membrane and a non-deformed s t r a i n  gauge, 

cal ibrat ion increases l inear ly  w i t h  increasing pressure (Figures 56 and 57)* 

This deviation from the static 

It w a s  surprising t o  f ind that w i t h  increasing acceleration the differ-  

ence between the s ta t ic  and dynamic cal ibrat ions decreased, 

can be c l a r i f i ed  as follows: 

of the s t r i p s ,  

because of the defamation caused by the centr i fugal  forces. 

e r ror  of the f u l l  bridge becomes smaller with increasing centrifugal force. 

This phenomenon 

w i t h  increasing mechanical stress i n  the plane 

the s t r a i n  gauges connected i n  the f u l l  bridge "harden" 

Thus the 

I n  order t o  obtain information on the effect of the orientation of 

the gr id  of the s t r a i n  gauge w i t h  respect t o  the stress direct ion i n  the 

plane of the s t r a i n  gauge on the defamation of the gauges by centr i fugal  

force, also i n  the plane of the gauges, 

w e r e  applied t o  the top and bottom of a round metal sheet, i n  the same 

direction, The t w o  compensation gauges w e r e  placed on a separate piece 

of metal i n  such a way that the centr i fugal  farce acted perpendicularly 

t o  the plane of the gauge and so caused nu deformation of the measuring 

grid, Th i s  arrangement allowed investigation of the effect mentioned 

t w o  s t r a i n  gauges (active gauges) 

above on the centrifugal test stand (Figure 62Ia The hisc w i t h  the active 
0 gauges w a s  rotated between 0 

piece w i t h  the compensating gauges stayed i n  the same positionc 'The result 
of t h i s  study is shown i n  Figures 59 and 60, 

and 90' during the testp while the metal 

The effect of time under ,s t ress  was a lso  measured With the system 

described, 

constant during the time necessary for the later testse 

This study showed that the indicated extension remained 

These MD gauges w e r e  developed i n  a vary shor t  time and could still 

be improved in many de ta i l so  

stage of dwelopmente 

but they have proved very good a t  this 
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7, s m  

This  work was a theoret ical  and experimental investigation on the 

problem of using l iquid hydrocarbon fue ls  f o r  r e l a t ive ly  short  blade-tip 

ramjet engines 

By means of fue l  phase diagrams it was possible t o  show various 

paths f o r  hot  vapor production, w i t h  t h e i r  advantages and disadvantagese 

Heating a t  supercr i t ica l  conditions appeared to  be the most advantageous 

type, 
Heating under subcritical condi 

although i n  this case th’e grea tes t  amount of heat  m u s t  be exchanged, 

ons can cause considerable d i f f icu l ty  ‘ti 
because of vapor bubble 

H e a t  exchange 

especially in s ta r t ing*  

experiments done under true-to-life 

conditions have confirmed that, qy m e a n s  of the heat loss of a short’ 
\ ramjet engine for blade t i p  drive,\‘  l iquid fue l  can be heated t o  the 

temperature region necessary f o r  immediate, spontaneous and complete 

vaporization during the expansion prpcess i n  the in jec t ion  jet, 
\ I  

Hydrocarbons f o r  which the entropy increases With increasing values 
of enthalpy o r  temperature on enthalpy-entropy or temperature-entropy 

diagrams are par t icu lar ly  well s d t e d  f o r  this purpose* 

The functional efficiency of such fue l  prevaporization has been 

shown by experiments With a ramjet engine on a”.qotating a r m  test stand, 
\ t\ 

W i t h  the ra ther  simply produced vapor pressure diagrams of l i q u i d  fuels;  

it is simple t o  judge whether and to  what degree they are suitable f o r  

prevaporization, 

curves i n  this diagram i n  re la t ion  t o  the aggregate condition,. and from 

this t o  draw conclusions about the possible operating rimgee 

It is also possible t o  follow the heating and expansion 

The automatically self-adjusting supercr i t ica l  fue l  pressure i n  _I /78 

TS* But as the 
ro tor  operation is very welcome for the prevaporization p 



pressure increases fur ther  w i t h  increasing rate of rotation, 

f o r  complete vaporization drops t o  the same degree, 

and entropy of the fue l  decrease w i t h  increasing pressureo 

the chance 

because the enthalpy 

Changed f l i g h t  operating conditions produce a very s ignif icant  

scattering of the "chamber conditions" of the f u e l  before expansion 

i n  the inject ion jet, But the fue l  temperatures.attainab1e w i t h  a blade- 

t i p  ramjet engine are suf f ic ien t  t o  produce complete fue l  prevaporizaUon 

f o r  the usual long-term operating conditions* 

conditions, 

pa r t  of the fue l  is prevaporizedc 

For park-load working 
b / 

which are usually of shor t  duration, it is possible that d y  

W i t h  increased mixture richness and f l i g h t  a l t i tude,  the fue l  

temperature increases also. 

velocity of the engine- 

fuel temperature is s l igh t ,  

It decreases w i t h  increasing peripheral 

The effect of the  j e t  o r i f i c e  r a t i o  on the 

Only automobile and aviation gasoline can be considered as l i q u i d  

fue ls  f o r  this purpose, because the heat exchange capacity of a blade-tip 

ramjet engine is limitedr 

There need be no fear of viscous deposits due to cracking processes 

i n  the heat exchanger* 

can form i n  the heat exchanger channels and i n  the inject ion jets, 

are under heavy thermal loadingo 

However, very th in  sol id  carbon and lead deposits 

which 

Problems i n  the j e t s  m u s t  be considered, 

Combustion chamber temperature measurements and flame pictures show 

the favorable effect of prevaporization on cambu~tion i n  the chamber, 

Efficiency measurements again brought t u  l i g h t  the bad effect of internal  

obstruction on the  tkrust of such small engines, 

The fue l  control system used on the test stand, w i t h  the t h r o t t l e  

valve upstream of the ro tor9  did not prove suitable in the experiments. 

Better results would be produced wdth a conk.rdlable hjectAon jet, 
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Fuel temperature measurements with various injection j e t s  showed 

that a fine distribution covering the whole fresh a b  stream is necessary, 
especially for gaseous fuelsr 

For the experimental technique, the fuel pressure measurement at 
the engine is particularly interesting, 
pressure gauges for the extreme conditions under centrifugal force, 
were tested in a centrifugal test stand, with loads up to 5,000 g, 
were entirely satisfactory w i t h  respect to strength and measuring 
electronics- 

We developed our own miniature 

They 
and 

I 

' \  
They proved gooq\,in practical measuring operation, 

'! 
tests needs t o  be put i n t o  first 

- 1  

class working 

be continued i n  

of a year of work, which should 

if the engine is 'to be perfected., 

I .  
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= 0.03% by weight _ _  

% by volume 
i 

1 _ I  - _ _  
I 

4 60 80 Kx, 

- Volume __ percent dis t i l la te ,  

Figure 1. Distillation analysis accord- 
ing to Engler (ASTM) and equilibrium 
vaporization curves in a closed system 
at different pressures for the standard 
automobile gasoline used in the test runs. 
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tandaxd- automobile 
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Figure 2, D i s t i l l a t i o n  curve ranges 
and c r i t i ca l  regions ~ O P  avia t ion  
fuels e 
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Figure 7 .  Flow dia for heat exchange in the engine 
cowling 0 

73 



e 

Figure 8.  Flow diagram of the heat exchange in  the secondary 
flameholder, 
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Fuel temperature 
ahead of the 

Amount of heat- 

Amount of heat 

Amount of heat 

cambustion chambw 

-@-Mixture richness p 
'% * \  m +* 

digure 11, Effect of mixture richness, 
Mach number, and f l ight  altitude on 
fuel flow, fuel  temperature, and am- 
ount of heat transferred. 
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.gure 12. Effect of mixture richness, Mach' 
number, and f l ight  altitude on pressure, 
density, temperature, and flow velocity in  
the combustion chamber, 
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Figure 13. Effect of 
mixture richness, Mach 
number and f l ight  a l t i -  
tude on the theoretical 

, thrust and thrust coef- 
f ic ient .  

-Mixture richness 9 
nl @ 

Figure 14.’ Percentage distribution of the heat given 
off by the combustion chambe to  the heat exchange 
cowling e 
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Figure 22. Effect of centrifugal force on the 
combustion chamber temperature distribution 
i n  the plane of, rotor rotation a t  cross 
section 3. \ 
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.Figure 24. Effect of the fuel  jet parametek, 
on the fuel  temperature. / 
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.Figure 311. Stages in development of the experi- 
mental ramjet engines, 
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Figure 3 4 .  Inner and outer cowlings 4 

of the center part of the engine, 
prepared for brazing. 
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F5gure 39. Rotor flange and intermediate connecting piece. 
with ramjet engine 

Arrangement of the measuring pickups and transducers for' 
pressure and temperature measurements'at the ramjet 
engine. \ / 

ai Measuring point I V  
b, Measuring point I11 
c. Fuel supply 
d. Plug for  thermo- 

couple 
e. Rotor made of glass 

fiber-reinforced 
p l a s t i c  

connecting piece 
f .  Separable steel 

g. To measuring point I\ 
he-Measuring point 11-- 

(Chromel/Alumel thermo- 
couple) 

i. Measuring point V 
k. Spark plug 
1. Propane gas supply 

me .Miniature pressure 

n. Platinum-rhodium/ 
gauges 

platinum thermo- 
couple fo r  measure- 
ment of cQmbustion 
chamber temperature 

o o  Flange covering 

I *  

'I 

c 

BO2 



a. Front covering 
b. Weight plates  (lead, steel) 
c. Center section with a i r  

brakes 
d e  Rear covering 
e. Governor 
f .  Short rotor  arm 
g. Electr ic  positioning 

motor (l inear actuator 
h. Position potentiometer 
i. Intermediate flange 
k. Rotor center section 
1. Rotatable flange 

(connection of the  
long rotor  arm) 

m. Rotor bearing housing 

. I ,  

* .  

A?1 
'. , 

e.. , . . .. 
r .  ' -:g'" p..., 

' f  

i 

, . .  
r 

.. 
i . . . ' I  
I 

.Figure 40. Rotor center section, 
short  ro tor  arm, and counter- 
weight of the rotat ing a r m  test 
stand. ' 

Figure 41. Rotor counterweight and air brake of the  rotat ing 
arm test stand. 
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Figure 42. Control desk of the test stand system. 

a .  Switch table 
b .  Control tachometer ' 

c.  gas lever" for re- 11 

mote activation of 
the fuel valve 

d .  Fuel storage 

e.  Liquid fuel  flow 

f .  A i r  pump for fuel  
supply 

g. Propane gas pres- 
sure reducing 
valve 

he  Propane vaporizer 

meter 

Figure 43.  Fuel control system. 
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Figure 44. Element for 
transqission of two 
fuel  l ines ,  ignition 
current, and current 
f o r  the positioning 
motor of the a ir  brakes 
from the stationary to 
the rotating part  of 
the tower head. 

i 

Tower head bearing with the elements shown above 
bui l t  in.  
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Figure 4 6 .  Measuring 
s l i p  ring with 21 

\ Figure 45. Tower head I, 
with tachometer pick- 1 1  

UP ' \  wipers .  
i \  

a.  Brightldark magnets inset .  
b . Magnetiqally 
C-. Photoelectric 

F*".#.-T n*vi* ' C , r  I r p  ;, 
* /  

;.! 4 

1 

\ 

1 h, 
J-7 

t h  

I 
\ *=% t i  . -  .. . ' I 

f 
b 
I 

E 

* Figure 47. Tower head 
and rotor center sec- 
tion with added rota- 
tional moment pickup 
(inductive force gauge) 
which can be mounted pn 
the cover. 
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Figure 48:  System 
for measurements 
on the ramjet en- 
agine at the rotat- 
ing arm test stand. 

a. Filter section (temperature measurement) 
b. Amplifier for Chromel/Alumel thermocouple 
c. Amplifier for Platinum-rhodium/Platinum thermocouple 
d. Carrier frequency bridge for'measurement of rotational moment (inductive) 
e. Delay line 
f. Range switch for the analog-digital converter 
g. Power supply for Schmitt trigger (4 6V batteries) 
h. Schmitt trigger for measuring rate of rotation 
i. Carrier frequency measuring bridge for measurement 

of fuel pressure (strain gauge full bridge) 
k. Carrier frequency measuring bridge for measurement of.fue1 pressure 

(strain gauge full bridge) 
1. Visual indicator for analog-digital converter 
m. Analog-digital converter 
n. Measuring point switch 
o o  Filter section (rotational moment measurement) 
p. Frequency counter for measurement of rotational rate 
q. Printer 

I ! #  
I D L  i )  
l i  
I 

:: 
Figure 4 9 .  Arrange- * , I  'M. 1 -i I '/- 

f ment of the measur- # ' *  

ing equipment shown 
above in the measur- 
ing van. 

ye., - 
. (  

. L  4- * 
.J!-:* . - - - - L- 

I .. 

a0 7 



\ 

10 8 



9 1400 
9 
& 1380 

UJ 
rb 1360 

.rl 
4 8 1360 
c 

.rl 
Icl I320 
0 
4 1300 

j l280 

1260 

I240 

1220 

1200 

l ld0 

moment of i n e r t i a  

z e  N u m b e r  of oscillations 

r e  Time for z oscillations 

G. Weight of the rotor 
- 

17 lb 12* 20 PI 22 23 
Tara weigh-t fid 

iAngular delay 

Rotational moment 

i 

Figure 51. Experimental determinat&on of the moment of 
inertia for the rotor, 



cy _ _  4;3- 5 .  

r l .  ' 
Rotational rate of ,rotor - (RPM) 

I I . .  

Figure 52. Rotational moment o f  the rotor with ramjet 
engine as a function of the rate o f  rotation. 
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Figure 53. Temperature and pressure pickups 

a. Platinum-rhodium/platinum sheathed thermocouple for  

b. Fuel pressure pickups 
c o  Injection j e t  with transducer for  fue l  s ta t ic  pressure 
d e  Fuel temperature pickups (Chromel/Alumel sheathed 

thermocouples) 
e. Injection je t  with Chromel/Alumel sheathed thermocouple 

measurement of combustion chamber temperature 

,...._ u ;Ye-." . 
-..I - 

,Figure.54, Power measuring box for  determina- 
t ion  of the  power taken up by the dr ive motor. 
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Figure 55. Miniature pressure 
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Figure 58. Effect of centrifugal force on the applied 
s tra in  gauges as a function of the t ime  and the orien- 
tation with respect to  the direction of stress  at 
constant acceleration e 
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Indicated s t r a i n  €e k/m]  

Figure 59. Effect of centrifugal force on the applied 
s t r a i n  gauges as a function of the or ientat ion w i t h  
respect t o  the direction of stress. 
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Figure 60. Effect  of centrifugal force on the miniature ~ 

pressure transducers MD 5 0 / 2  and MD 100/22 without 
pressure loading. 
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